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Abstract 
This is a study of five silicates, namely makatite, kanemite, octosilicate, 
magadiite and kenyaite. The silicates have been analysed using a range of techniques, 
principally solid-state NMR spectroscopy. 
High-quality 2 9 Si NMR spectra have been obtained for samples of all five 
layered sodium polysilicate hydrates. Amongst other findings, these have revealed four 
crystallographically distinct sites in makatite and a Q^Q 4 site ratio in kenyaite of car. 5. 
Proton MAS NMR studies can produce well-resolved spectra, particularly for 
carefully-dried samples. Distinct water and strongly hydrogen-bonded proton species 
have been detected. The latter are particularly noteworthy and they are present in 
kanemite, octosilicate, magadiite and kenyaite, but not in makatite or layered silicic 
acids. Interactions between the resolved proton species have been investigated with a 
series of 1- and 2-dimensional experiments resulting in the detection of mixing, via 
spin-diffusion or chemical exchange. Sodium-23 NMR studies were complicated by 
second-order effects from strong quadrupolar interactions and the presence of a 
significant signal from a sodium chloride contamination in many samples. The latter 
had fooled previous authors. Acidification products of kanemite, octosilicate and 
magadiite were characterised by 29Si CP NMR, thermogravimetric analysis, 1H MAS 
NMR and powder X-ray diffraction. A single H-kanemite sample proved to be 
H2Si205, but two types of H-octosilicate and H-magadiite sample were prepared. 
These differed in the presence of interlayer water. Several CP experiments were used 
to investigate the relationship between 29Si and 23Na nuclei and protons in the 
silicates. Cross-polarisation mechanisms tended to involve magnetisation transfer from 
the H-bonded protons only. Their determination was possible with a consideration of 
the extent of spin-diffusion or chemical exchange over the time-scale of the relevant 
experiments. Finally, new model structures for kanemite and the interlayer space in 
kanemite, octosilicate, magadiite and kenyaite have been suggested, while previously-
proposed silicate layers have been reconsidered. 
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Abbreviations 
Bo The static magnetic field of a spectrometer. 
Bi An applied radiofrequency magnetic field. 
CP Cross-polarisation (with magic-angle spinning in this work). 
d(O-H-O) The oxygen-oxygen separation in a hydrogen-bond. 
A>/2 Full peak width at half height. 
$Na* The apparent chemical shift for resonance of a sodium-23 nucleus. 
5x The chemical shift for resonance of a nucleus of element X. 
FTIR Fourier-transform infrared (spectroscopy). 
YX The gyromagnetic ratio of a nucleus X. 
MAS Magic-angle spinning. 
M t Observed signal intensity at time, t. 
NMR Nuclear magnetic resonance (spectroscopy). 
PDMSO Polydimethylsiloxane. 
pXRD Powder X-ray diffraction. 
r2 The correlation coefficient from regression analysis. 
SP/MAS Single-Pulse with magic-angle spinning. 
X The delay between radiofrequency pulses. 
Ti Spin-lattice relaxation time. 
tl,t2 The acquisition periods in a 2-dimensional pulse sequence. 
Tip Spin-lattice relaxation time in the rotating frame of reference. 
T 2 Spin-spin relaxation time. 
TGA Thermogravimetric analysis. 
TMS Tetramethylsilane. 
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Chapter One Introduction 
1.1 The Aim of the Project 
This is a nuclear magnetic resonance study of layer silicates. A group of five 
silicates have been investigated, namely makatite, kanemite, octosilicate (or ilerite), 
magadiite and kenyaite. 
The five silicates form a series of layered systems of apparently increasing 
structural complexity. The structure of makatite has been fully resolved by single-
crystal X-ray diffraction and it contains silicate layers separated by aqueous sodium 
and proton species. It is expected that the other members of the group are structurally 
similar, differing in the thickness of the silicate layers. The interlayer species are 
highly reactive and it is this property which is potentially useful. Catalytic and ion-
exchange properties for the silicates have been reported as well as potential 
applications as additives in the rubber and detergent industries. 
The aim of this work was to use a range of analytical techniques (principally 
solid-state NMR) to further characterise makatite, kanemite, octosilicate, magadiite 
and kenyaite. Supporting evidence has been provided by thermal analysis and powder 
X-ray diffraction. 
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1.2 Nomenclature 
For the purposes of this research, it has been assumed that the five silicates 
form a closed, related set. (The work has shown whether this was a valid assumption.) 
They had been known collectively as the Layered Alkali Metal Silicates. However, 
this name is ambiguous as it would also include at least three other classes of silicate: 
the disilicates, a-, p \ y- & 8-Na2Si20s and KHSi20s; ion-exchanged forms of 
makatite, kanemite, octosilicate, magadiite and kenyaite; and the potassium silicates 
discovered by Beneke, Lagaly and co-workers. A better name can be coined by 
considering the characteristic stoichiometric and structural features of these five 
silicates. 
Makatite Na 20.4Si0 2.5H 20 
Kanemite Na 20.4Si0 2.7H 20 
Octosilicate Na 20.8Si0 2.9H 20 
Magadiite Na2O.14SiO2.10H2O 
Kenyaite Na2O.22SiO2.10H2O 
Table 1.1 Typical formulae. 
Table 1.1 lists formulae for makatite, kanemite, octosilicate, magadiite and 
kenyaite. There is some variation in reported formulae, but these are typical values.1 
Primarily, these are silicates rather than silicic acids or silica. The more specific term, 
"silicate mineral" can not be used as octosilicate can only be obtained synthetically. 
They are certainly alkali metal silicates, but it is the sodium forms which occur 
naturally and are prepared by most syntheses. Related potassium silicates have been 
reported,2^ but these have slightly different acidification properties, and they have not 
been considered in this work. Makatite, kanemite, octosilicate, magadiite and kenyaite 
contain a large amount of structural water. This is an important feature with respect to 
reactivity and NMR spectroscopy. The hydrous character also distinguishes them 
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from the disilicates. The history of makatite, kanemite, octosilicate, magadiite and 
kenyaite started with a search for polysilicates:4 those with a high silica:soda ratio. 
The prefix poly- describes silicates which are highly-siliceous, SiC*2:Na20>4; in 
disilicates the ratio is obviously two (Na2Si20s = Na20:2Si02). 
The layer or sheet structure of these compounds is well established from X-ray 
diffraction data. The resolved unit cell of makatiteS and strong powder-pattern basal 
reflections for all five silicates indicate that this is the case. The term phyllosilicate 
describes this lamellar nature,6 where the layers form the ab plane of a lattice with a 
fundamental repeat distance in the c direction. The crystallinity of the five silicates 
(particularly after acidification) has often be emphasised. 
The silicate, sodium-containing, hydrous, siliceous, lamellar and crystalline 
nature means that makatite, kanemite, octosilicate, magadiite and kenyaite can 
collectively be known as: 
Layered Crystalline Sodium Polysilicate Hydrates; 
or Highly Siliceous Crystalline Sodium Phyllosilicate Hydrates. 
Previous authors have used a few of the characteristics to provide a descriptive 
term. For example, Yanagisawa et alJ described kanemite as "one of the layered 
polysilicates." Two previous Ph.D. theses have covered all five silicates exclusively 
and used the following terms as chapter headings: 
Crystalline Sodium Polysilicate Hydrates, Smith, 1982;4 
Layered Sodium Phyllosilicate Hydrates, Nesbitt, 1986.1 
The two titles show the different emphases of each project. Smith was involved in 
synthesis and XRD characterisation, so crystallinity was important. Nesbitt analysed 
samples by NMR and formed model structures so the layer nature was (tautologically) 
emphasised. It is structural rather than synthetic characteristics that have been 
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important in this work, so the following name will be used to describe makatite, 
kanemite, octosilicate, magadiite and kenyaite: 
Layered Sodium Polysilicate Hydrates 
1.3 Layered Sodium Polysilicate Hydrates 
The early history of the layered sodium polysilicate hydrates was elegantly 
reviewed by Smith in his 1982 Ph.D. thesis* Between 1948 and 1964, makatite, 
kanemite, octosilicate and magadiite were probably all synthesised. However, they 
were not named until the natural discovery of makatite, kanemite, magadiite and 
kenyaite between 1967 and 1972. Therefore, there is some uncertainty in the 
retrospective assignment of modern names to earlier synthetic discoveries. Smith 
indicated that some of the reviewed information was contradictory; this is certainly the 
case for the reported formulae. 
The early studies investigated the siliceous part of the Na20:Si02:H20 ternary 
system. It had been believed that crystalline polysilicates would not be formed until 
Wegst and Wiils8 reported the formation of a tetrasilicate in 1948. Two years later, 
the same compound was reported by Baker et al. with the formula 3Na20:13Si02: 
1IH2O and it is probably makatite.9 Natural makatite Na20:4SiC>2:5H20 was found 
by Hay in 1968 in Lake Magadi, Kenya. 10 Its name comes from the Masai word, 
emakat or soda. Khomiakov et al. reported a first Soviet occurrence of makatite in 
1980, giving it the formula, Na2Si4O9.5H2O.ll 
In 1952, McCulloch reported that a different tetrasilicate precipitated from a 
commercial silicate solution liquor after several years. 12 This was probably kanemite, 
which gives a silicic acid H2Si20s on treatment with acid. Kalt and Wey reported a 
successful reverse reaction in 1968.13 Johan and Maglione found natural kanemite in 
the Kanem region of Lake Chad in 1972.14 
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McCulloch produced two other polysilicates with silica:soda ratios of 1:9.4 
and 1:13.1. The former was later prepared by Her with a formula 
Na20:8Si02:9H20.15 It has since been called ilerite or more commonly (sodium) 
octosilicate: neither are particularly good names. Der demonstrated the considerable 
ion-exchange potential of the silicate and showed that copper leached out of the edges 
of a heated copper octosilicate crystal, implying a layer structure. 
The 1:13.1 compound proved to have the same powder X-ray diffraction 
pattern as natural magadiite, Na20:14Si02:9H20, which Eugster obtained from Lake 
Magadi, Kenya in 1967.16 This periodically-dry soda lake also provided kenyaite, 
Na2O:22SiO2:10H2O, which has since been synthesised by Beneke and Lagaly3 and 
Bapst et aiyi Magadiite has also been found in two American locations. 18,19 
It is unlikely that there are more layered sodium polysilicate hydrates to be 
discovered. Smith's work showed that using more or less extreme synthesis conditions 
results in the formation of Si02 and disilicates, respectively A Rowe et al. formed 
trisilicates by storing siliceous Na20:Si02:H20 solutions at 200 to 300 °C 20 
Until the early eighties most of the work on layered sodium polysilicate 
hydrates had been concerned with their synthesis and reactivity. In the last ten years, 
two factors have meant that the structures of these silicates can be researched. The 
first is that Annehed et al. obtained the crystal structure of makatite by single-crystal 
X-ray diffraction.5 A suitable crystal was formed by using triethanolamine in the 
reaction mixture. The second factor is the availability of high-resolution solid-state 
nuclear magnetic resonance spectroscopy. 
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Chapter Two General NMR Theory 
2.1 Nuclear Magnetic Resonance 
Nuclear Magnetic Resonance (NMR) is the absorption of radiofrequency 
radiation caused by transitions between the spin-states of certain nuclei. NMR 
spectroscopy can measure the frequency and quantity of radiation that is absorbed. A 
recently published text book1 claims to explain the physical and mathematical basis 
behind the subject, simply but exactly; it takes 288 pages. Clearly there is only room 
for an elementary account in this thesis. More information can be found in any of the 
many available NMR text-books, which have been the source for this chapter. 1-8 
The nuclei of many isotopes possess nuclear spin, characterised by a quantum 
number, I . This number determines the magnitude of the spin angular momentum, P, 
and the number of possible spin states, mi, for each nucleus (21 +1). 
Nuclear magnetic resonance spectroscopy detects transitions between these spin-states. 
Therefore, all the nuclei in the periodic table can be divided into three groups on the 
basis of their spin-quantum number. For those with 1=0, NMR spectroscopy is 
impossible- there is only one spin-state and transitions can not occur. For those with 
I='/2, NMR spectroscopy can be straightforward- there are two spin-states and one 
possible transition. The spectroscopy of "quadrupolar" nuclei with I>V£ is less simple 
because there are many spin-states and more than one transition; additional 
complications arise because the nuclei have an electric quadrupole moment. The most 
abundant isotopes of carbon, oxygen and silicon are NMR-inactive (1=0), though in 
each case there is a rarer isotope with non-zero spin, 13C, 170 and 29Si. 
P = ^ 1 ( 1 + 1) Eq. 2.1 
mi =-1,-1 + 1, - 1 — 1,1 Eq. 2.2 
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Since nuclei are charged and spinning they have a magnetic moment, |1. This 
is proportional to the angular momentum, with a constant of proportionality, y, that is 
specific to each nucleus. The gyromagnetic ratio, y, can be positive or negative 
depending on whether the spin magnetic moment is parallel or anti-parallel to the spin 
angular momentum. 
The 21+1 spin-states, mi, are degenerate unless a magnetic field, Bo, is applied. 
The energy, U, of each spin-state depends on the orientation, 8, of the spin magnetic 
moment relative to the magnetic field. 
Eq. 2.3 
H = yhJUl + 1 ) Eq. 2.4 
U = -p.. BQ = -(J-COSGBQ Eq. 2.5 
cosG = m i / ^ 1 ( 1 + 1 ) Eq. 2.6 
U = -y/imiBo Eq. 2.7 
V L 
) 
e 
W-V4) 
V L 
Figure 2.1 The precession of the magnetic moments corresponding to the a and ($ 
spin-states of an I = xh nucleus at the Larmor frequency VL about an 
external magnetic field BQ. 
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In a classical treatment of resonance, the magnetic moments, \i, experience a 
torque from Bo. This causes them to precess around Bo with a frequency, rylBo/27C, 
known as the Larmor frequency, V L - Figure 2.1 is an explanatory diagram. 
The 21+1 energy levels are clearly separated by an energy Py/iBol and electro-
magnetic radiation of an appropriate frequency, v, will cause transitions. The 
selection rule governing such transitions is Ami=±l. Nuclear magnetic resonance 
occurs when the conditions in equation 2.9 are met and energy is absorbed. 
AE = hv = |7^BoAmi| 
V = | Y / 2 T S | B 0 
Eq. 2.8 
Eq. 2.9 
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2.2 Bulk Magnetisation and the Rotating Frame of Reference 
In a sample at equilibrium, there will be a slight excess of spins in the low 
energy state(s), giving a resultant magnetic moment parallel to the magnetic field. 
Therefore, the equilibrium bulk magnetisation of a sample can be represented as a 
vector parallel to the magnetic field (for 7>0). 
Laboratory Frame of Reference 
1 Precession aboutB, 
B, 
Bulk Magnetisation 
z 
2 Precession about B 
Rotating Frame of Reference 
Precession about B t only 
Bulk Magnetisation 
0 
Figure 2.2 The bulk magnetisation vector of a sample lies parallel to the external 
magnetic field at equilibrium. On resonance, it processes about both 
Bo and B i . This motion is simpler when considered in the rotating 
frame of reference. 
Electromagnetic radiation is applied for resonance. This acts as a second 
magnetic field, B i , perpendicular to and rotating about Bo. On resonance, the bulk 
magnetisation will precess about B i . In the laboratory frame of reference, this motion 
is a complex spiralling. However, the picture can be simplified by considering the 
motion of the bulk magnetisation relative to B i . The bulk magnetisation of a sample 
and the "rotating frame of reference" are useful and common conventions in NMR. 
Figure 2.2 is an explanatory diagram. 
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2.3 The Single Pulse Experiment 
A classical treatment of the simplest NMR method is very informative. The 
timing of this experiment can be divided into four regions: a pulse to excite the nuclei, 
a pause for the electronics in the spectrometer to recover; detection of any 
magnetisation perpendicular to the external magnetic field; and a delay for the sample 
to return to equilibrium. This information can be represented as a pulse sequence 
which shows when the transmitter is switched on and when magnetisation is detected 
(figure 2.3). 
1 A A A . . 
Pulse Acquisition Recycle Delay 
Dead Time 
Figure 2.3 Pulse sequence for a Single Pulse experiment. 
Because of uncertainty, a pulse can only be monochromatic i f it is of infinite 
duration. The excitation envelope of a finite pulse is sine shaped around the central 
frequency, v c . The spread of the excitation is larger for shorter pulses. The duration 
of the pulse, ?p, and its intensity, Bi , determine the exact position of the bulk 
magnetisation vector after its application. Excitation of the spins in a sample causes 
precession of the spin magnetisation vector by an angle TBiTp in the rotating frame of 
reference. Since the magnetisation is detected in the xy-plane, the optimum pulse 
duration corresponds to 90° of precession- a 90° or n/2 pulse. A 180° pulse inverts 
the spins but would give no detectable signal. 
The signal is detected in the form of an interferogram or free-induction decay, 
FID, and follows the decay of magnetisation back to its equilibrium (zero) value in the 
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xy-plane. This relaxation is caused by a loss of coherence between the individual spins 
in the sample. The signal is sampled a number of times, TD, during the acquisition 
time, AQ, with a constant interval- the dwell time, DW. In some spectrometer 
systems, detectors simultaneously measure at two directions that are 90° out of phase 
with each other (nominally real and imaginary) so the acquisition time is half the 
product of DW and TD. The value of DW determines the width of the spectrum, SW, 
after fourier-transformation- conversion of the time-domain FID into a frequency 
domain spectrum. The digital-resolution of the spectrum is determined by the number 
of points that are fourier-transformed and can be increased by zero-filling- addition of 
zeros after the detected FID. 
The pulse/detect sequence can be repeated many times while the FID's after 
each pulse are summed to produce a better spectrum. The resultant signal to noise is 
proportional to N'/*, the square root of the number of repetitions, or transients- signal 
is proportional to N, but noise is proportional to N 1^. A recycle delay is necessary in 
the single pulse sequence to allow the bulk magnetisation of the sample to return to 
equilibrium between each pulse. The return to equilibrium occurs via spin-spin 
relaxation and spin-lattice relaxation. An adequate acquisition time should be allowed 
for the former to occur, while five times the spin-lattice relaxation time is necessary for 
the total inter-pulse time. 
AQ =DWxTD/2 Eq. 2.10 
SW=1/DW Eq. 2.11 
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2.4 Spin-Lattice and Spin-Spin Relaxation 
At equilibrium, the bulk magnetisation vector of a sample lies parallel to the 
applied magnetic field, along the z-axis, say. During a typical single-pulse NMR 
experiment, a pulse of the correct intensity, frequency and duration places bulk 
magnetisation into a plane perpendicular to the external magnetic field. To return to 
equilibrium, the xy-plane magnetisation must decay to zero and z-axis magnetisation 
must be recovered. These distinct processes are shown in figure 2.4. 
7t/2-pulse ; Acquisition Time Recycle Time 
2 — y 7 
Equilibrium Transverse Relaxation Longitudinal Relaxation 
Figure 2.4 The behaviour of the bulk magnetisation in the rotating frame of 
reference after a nil pulse. Longitudinal and transverse relaxation do 
in fact occur simultaneously. However, the choice of acquisition time 
depends on the former while the choice of the recycle time depends on 
the latter. Longitudinal relaxation is substantially slower than trans-
verse relaxation in solids. 
Longitudinal or spin-lattice relaxation usually occurs exponentially with a time 
constant, T i , the spin-lattice relaxation time. It can be measured by a simple 
experiment- inversion recovery (figure 2.5). After a 180° pulse the magnetisation is 
allowed to relax back to equilibrium for a variable time x. The extent of the relaxation 
can be measured with a 90° pulse. A curve of signal against x for several values of x 
can be fitted to equation 2.12 to obtain a value of T i . Signal intensities, Mo, Moo and 
M T , refer to zero, infinite time and x, respectively. 
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7C/2 
acquisition 
Figure 2.5 The inversion-recovery pulse sequence and its effect on the bulk 
magnetisation in the rotating frame of reference. 
M T = Moo - (Moo - M 0 )exp(-T / T i ) Eq. 2.12 
Spin-lattice relaxation occurs through transitions which are caused by 
oscillating magnetic fields- the opposite of resonance. The value of Ti can depend on 
the mobility of the environment of the nucleus or on factors which cause magnetic 
fields- neighbouring dipoles or paramagnetics, for instance. 
The decay of xy-plane magnetisation is monitored by the FID. For a single 
species on resonance, exponential decay is normally observed. Away from resonance, 
there will be an additional oscillating component to the decay. In both cases fourier-
transformation of the FTD gives a spectrum with a line-width at half height of I/TCT2*, 
where T 2 * is the time-constant of the (assumed) exponential decay. Experimental 
imperfections, such as magnetic field inhomogeneities, have a large effect on the value 
of T2* . A time constant, T2 , the spin-spin relaxation time, can often be measured for 
the intrinsic transverse decay- that from the sample. Spin-spin relaxation can be 
regarded as a loss of phase coherence between individual spins in a sample- an 
entropy phenomenon as well as one of energy. In solids, T 2 is not necessarily well 
defined. 
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2.5 Spin-Locking and Tip 
Spin-locking is an important phenomenon in NMR and introduces a third time 
constant, Tip, the spin-lattice relaxation time in the rotating frame of reference. The 
magnetisation created by a 90° pulse can be locked in the x-y plane by applying a 
second longer pulse, 90° out of phase with the initial one. Since Bi is the effective 
static field experienced by the nucleus in the rotating frame, the magnetisation will 
relax longitudinally with respect to this. Therefore, it is referred to as spin-lattice 
relaxation, but, since Tip involves relaxation in the transverse plane to Bo, it has much 
in common with T 2 . In cases of simple exponential decay, Tip can be measured by 
fitting signal intensities, M T , obtained with many spin-lock times, x, to equation 2.13. 
y 
0 = x => acquisition 
Tt-pulse spin-locking 
Figure 2.6 A pulse sequence involving spin-locking and its effect on the net 
magnetisation in the rotating frame of reference. 
M T = M 0 e x p ( - x / T l p ) Eq. 2.13 
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2.6 Hamiltonians 
A classical formalism approach to NMR theory is very useful for the 
consideration of simple experiments. Consideration of bulk magnetisation vectors is 
adequate for an explanation of the single-pulse and inversion-recovery pulse 
sequences, for example, but a more rigorous quantum-mechanical treatment is needed 
for more complicated experiments. 
A central postulate of quantum mechanics is that all observables have 
operators. Since NMR is concerned with resonance lines, corresponding to gaps in 
energy levels it is energy operators which are relevant. Such an energy operator is 
referred to as a Hamiltonian operator or Hamiltonian, H. Several Hamiltonians are 
needed to account for all the internal and external interactions in a given spin system; 
collectively these are known as the nuclear spin Hamiltonian (equation 2.14)J 
H = H z + Hrf+Hcs + HQ + HsR + H D + Hj Eq.2.14 
Hz external magnetic fields (the Zeeman term). 
Hrf external radiofrequency magnetic fields. 
Hcs induced magnetic fields due to orbital electronic motions (chemical shift). 
H Q electric field gradients (quadrupolar coupling). 
HSR associated with molecular angular momentum (spin rotation). 
H Q magnetic dipolar coupling. 
Hj indirect coupling through electron spins ("scalar" or J coupling). 
HSR is scarcely ever encountered in the solid state, so it will not be further 
discussed here. The four terms, Hcs* H Q , H J and H D are reduced to isotropic average 
values in the solution state. For Hcs. this is related to 8, the chemical shift, and for 
Hj, this is the coupling constant, J. H Q and H D are both averaged to zero and 
therefore have no effect on the transition frequencies observed in solution-state NMR. 
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The reason for this averaging is that ail these terms have an orientation dependence 
which is averaged by "molecular tumbling" in liquids. Solution-state spectra tend to 
have sharp, "isotropic" lines, which can be split by scalar coupling, only. In the solid-
state, absorptions can cover a range of chemical shift values and be further broadened 
by dipolar and quadrupolar interactions. 
The extra broadening interactions provide the solid-state NMR spectroscopist 
with additional information that is not available from solution work. Alternatively, 
several techniques have been devised to remove the line-broadening effects and 
produce high-resolution solid-state NMR spectra. 
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2.7 Problems in Solid-State NMR and their Solutions 
2.7.1 Solid-State NMR 
A perfect NMR experiment would give a spectrum with sharp lines in a short 
time. There are several ways in which solid-state NMR does not match this ideal. 
Firstly, anisotropic interactions, which are averaged by molecular tumbling in 
solutions, tend to have line-broadening effects in the solid-state. Secondly, many 
useful nuclei are rare. For example, 29Si and 13C are 5 % and 1 % abundant, 
respectively, so many repetitions would be necessary to acquire a spectrum with 
reasonable signal to noise. Finally, spin-lattice relaxation times can be large and 
correspondingly long recycle delays might be necessary. Thankfully, a suite of 
techniques has been developed for the rapid acquisition of sharp 13C or 29Si spectra: 
magic-angle spinning (MAS) can average lines broadened by chemical-shift aniso-
tropy; dipolar heteronuclear broadening can be removed by high-power proton 
decoupling; and cross-polarisation (CP) can give spectra with better signal to noise 
using short recycle times. These techniques are by no means limited to the acquisition 
of dilute, spin-14 nuclei, such as 1 3 C or 29Si. Decoupling can narrow spectra for any 
proton-containing samples, while in favourable cases, magic-angle spinning can 
average quadrupolar and homonuclear dipolar interactions. 
2.7.2 Shielding Anisotropy and Magic-Angle Spinning 
The exact frequency, co, for resonance of a particular nuclear site depends on 
the gyromagnetic ratio, y, of the nucleus and the degree to which the nucleus is 
screened from the external magnetic field (equation 2.IS). 
u) = Y(Bo-cBo) Eq. 2.15 
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The shielding constant, o, is anisotropic, i.e. its value can differ with the 
orientation of the nucleus with respect to Bo- It is therefore a tensor with diagonal 
elements On, 022 and 033, the principal components. The observed shielding, 0 ^ , 
which corresponds to the chemical shift, is the combination of the principal 
components given by equation 2.16, where 9j is the angle between Ojj and the applied 
magnetic field. In isotropic solution an average value, r j j s o , is seen due to molecular 
tumbling (equation 2.17). The screening observed in solids can be related to Gi$o by 
equation 2.18. 
3 
Ozz = X ° j j c o s 2 e j Eq. 2.16 
j=l 
Oiso =4(oi 1 + ^ 2 2 + 0 3 3 ) Eq.2.17 
3 
tfzz =y t f i so+^£(3cos2e j - l ) r j j j Eq.2.18 
j=l 
Since a powder sample will contain nuclei with range of orientations, 9, a 
spectrum influenced by chemical-shift anisotropy, will have a range of chemical 
shifts. The pattern of this broadening will depend on the values of the principal 
components and a single line will only be seen for the case where 011=022=033, i.e. 
cubic symmetry. 
Magic-angle spinning can be used to remove the effects of chemical shift 
anisotropy. If a sample is rotated at an angle, fi , to the applied magnetic field, 
equation 2.19 describes the relationship between p\9j and x, the angle between Ojj and 
the axis of rotation. 
(3cos2 Gj -1) = (3cos2 p - l)(3cos2 x -1) Eq. 2.19 
2 Theory Page 20 
At an angle p^scos-^-^), the average value of (3cos28j-l) is zero. This angle, 
54.7°, is known as the "magic-angle". Thus, rapid magic-angle sample-spinning 
(figure 2.7) can average the effects of chemical shift anisotropy to give a spectrum 
with a single isotropic line. A spinning rate greater then the width of the powder 
pattern is necessary for complete averaging. At rates less than this value, and greater 
than the intrinsic line-width, the powder pattern will break up into a manifold of 
spinning side-bands- a central line at the isotropic chemical shift and satellites at 
multiples of the spinning rate from the centre. 
Rapid Rotation 
Bo 
JJ 
e 
Sample 
Figure 2.7 Magic-angle spinning. 
2.7.3 Dipolar Broadening and High-Power Proton Decoupling 
The dipolar interaction is responsible for cross-polarisation and spin-diffusion, 
which will be further considered later in this work. It is also responsible for the 
broadening of 1H spectra (homonuclear dipole-dipole coupling, protons interacting 
with other protons in a sample) and spectra of other nuclei (heteronuclear dipole-
dipole coupling, the interaction of protons with 29Si or 13C, say). 
2 Theory Page 21 
The simplest hetero— and homonuclear systems to consider are those 
containing just two spins. Though this is an ideal case, it is approached in real 
samples where two interacting species are isolated. For a heteronuclear system, IS, the 
transition frequency, v o o s . , of the non-proton nucleus, S, is given by equation 2.20, 
where 0 is the angle between the internuclear vector, ris, and the applied magnetic 
field. D is the dipolar coupling constant- a useful value to measure because it can be 
related to rjs-
v0bs. = v S ± 4 D(l - 3 cos2 9) Eq. 2.20 
D = ™ 3 b % B q - 2 ' 2 1 
In a powder, there will be many values of 9 and the observed spectrum will be 
a powder pattern, with a characteristic shape. Rapid magic-angle spinning can 
average the orientation term in equation 2.20 to zero. However, the rate of rotation 
would have to be of the same order as the dipolar coupling. Alternatively, the protons 
can be decoupled by irradiation of the sample at the proton resonance frequency 
during acquisition. This technique, high-power proton decoupling, is similar to the 
decoupling used in solution-state NMR to remove the effects of scalar coupling. 
However, much higher power is necessary in the solid-state as DsiH can be around 
three orders of magnitude larger than JsiH-
Similar broadening is observed in 1H NMR, where decoupling is clearly not 
possible. Some line-narrowing can be achieved by magic-angle spinning, and more 
elaborate techniques are available for the acquisition of high-resolution spectra, such 
as CRAMPS. 
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2.7.4 Cross-Polarisation 
Acquisition of *3C or 29§i spectra is encumbered by the low natural abundance 
of these nuclei and long spin-lattice relaxation times. However, many samples contain 
protons which are 100 % abundant and have short values of T j . Cross-polarisation 
(CP) is a method which uses the desirable properties of protons to obtain spectra for 
other nuclei. The resultant 1 3 C or 29Si CP spectra can be acquired more quickly and 
with better signal to noise than with the SP technique. 
nil 
spin-locking decoupling 
contact time $P acquisition ^ recycle delay ^ 
Figure 2.8 A standard cross-polarisation sequence. 
Cross-polarisation occurs via a transfer of magnetisation in the rotating frame 
of reference from excited protons, I , to rare nuclei, S. The sequence in figure 2.8 
starts with a 90° pulse in the proton channel. The resultant magnetisation is then spin-
locked and the rare-spin transmitter is switched on for a period known as the contact 
time. Under favourable conditions, magnetisation can be transferred to the S-spins. A 
rare-nucleus spectrum can then be acquired, with decoupling, if necessary. 
The Hartmann-Hahn matching condition is favourable for magnetisation 
transfer. At this condition (equation 2.22), the energy level separations of the spin-
locked I-spins and S-spins are the same and magnetisation transfer is energy-neutral 
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and efficient. The heteronuclear dipolar interaction is responsible for this process and 
it occurs via "flip-flops"- 0$ to Pa. 
Y1B11 = Y SBlS Eq. 2.22 
The CP recycle delay is chosen on the basis of the proton spin-lattice 
relaxation time, so a faster rate of repetition is usually possible for CP. The signal 
enhancement inherent in this experiment can be derived with a thermodynamic 
treatment of the cross-polarisation process for a system of abundant I-spins and dilute 
S-spins.3 Equations 2.23 and 2.24 show that the equilibrium magnetisation of the I 
and S spins, MT(°) and Ms(°), is proportional to the quotient of the external magnetic 
field, Bo, and the temperature of the whole system, or lattice temperature, T L - In these 
equations, k is the Boltzmann constant and Nj and Ns are the numbers of I and S-
spins respectively. 
M S 0 ) = ^ - ( i Y f « ( I + l)N,)Bo = P L C I B O Eq. 2.23 
M S 0 > = 7 ^ ( T Y S * S ( S + 1 ) N S ) B 0 = P L C S B 0 Eq. 2.24 
The bracketed terms are Curie constants, Q and Cs, while h/kT^ is the inverse 
lattice temperature, PL- When the proton magnetisation is spin locked, the spin-
temperature, Po. is much greater as the apparent field, Bn, is smaller than Bo. 
Equation 2.26 relates the energy of the spin-system, E, to the inverse spin temperature 
of the abundant spins. 
M ( I 0 ) = P 0 C I B 1 I Eq.2.25 
E = -POCTB^T Eq. 2.26 
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During the contact time, the I and S spins reach thermal equilibrium with a 
common spin-temperature, Pi. After the contact time the energy of the system can be 
rewritten in terms of pi. Equation 2.27 is correct since energy is conserved. 
E = - P A B S - PiCsBfs = - P o C ^ Eq. 2.27 
The resultant inverse spin-temperature can be calculated with a substitution of 
terms for the Hartmann-Hahn conditions and the definition of the Curie constant into 
equation 2.27. 
= p 0 f 1 + S(S-H)NS = M l + £ ) - l 
I(I + l)Ni ) 
Equation 2.29 shows that the S magnetisation after the contact time, MsO), can 
be obtained from pi. The enhancement, T|, with respect to the equilibrium value can 
be calculated. This is the enhancement that might be expected with cross-polarisation 
compared to single-pulse methods (equation 2.30). 
= P 1 C S B 1 S = ^ - ( l + e ) - 1 p L C s B 0 Eq. 2.29 
*y s 
Tl = —m = — 0 + e) =—SP Eq.2.30 
For cross-polarisation between abundant and rare spin-!6 nuclei, the value of E 
is small and the enhancement is simply the ratio of the gyromagnetic ratios. Thus the 
signal for 1 3 C and 2 9 Si CP might be increased with respect to that for SP by factors of 
27/7 and 27/5, respectively. This is the maximum possible enhancement for a single 
cycle of the pulse sequence and there are several factors which might make the 
observed signal enhancement less than this (see chapter 7). 
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Chapter Three Literature Review 
3.1 Classification of Silicate Atom Types and their Detection by 29Si NMR 
Though coordination numbers one to six have been assigned to silicon, the 
only relevant values in silicates are four and six.1 These correspond to SiC>4 tetrahedra 
and SiC«6 octahedra. However, octahedral coordination is observed in few silicates 
(for example, thaumasite and stishovite) and the remainder of this discussion can be 
restricted to the tetrahedral case. The oxygen atoms in an [SiC^]4- tetrahedron can 
either form bridges to other silicon atoms or remain as anions; the charge being 
balanced by cations. 
O- O-Si O-Si O-Si O-Si 
I I I I I 
. s i 
d- * O- d- ^ O- O-Si <> o -Si°* S i Si-O J^JO-Si 
Q° Q 1 Q 2 Q 3 Q 4 
Figure 3.1 The Q s nomenclature for silicon atom types. In each case, the 
underlined atom in the centre of the polyhedra can be described by the 
number of bridging oxygen atoms to which it is bonded. 
Liebau has classified silicate silicon atoms by the number of bridging oxygen 
atoms or connectedness, s, and the Qs nomenclature is commonly used (see figure 
3.1).2 Values of n between 0 and 4 are possible in this very useful convention. The 
isolated monomeric anion in the nesosilicate, olivine (Mg2SiC»4) is designated QO.2 
Dimeric and trimeric sorosilicate structures, such as hemimorphite, Zn4Si207(OH)2, 
and aminoffite, Ca3(BeOH)2Si30io, can contain Ql and Q 2 silicon atoms. The latter 
are also found in rings or cyclosilicates, such as pseudowollastonite, CaSi^O^, and 
infinite chains or inosilicates, such as enstatite, Mg2Si2C»6. Two-dimensional silicate 
sheets are known as phyllosilicates. These include the layered sodium polysilicate 
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hydrates and contain Q3 and Q 4 units, depending on the sheet-thickness. Makatite, 
Na20:4SiC»2:5H20, is a single-sheet silicate and contains Q3 atoms only. Three-
dimensional frameworks, such as quartz and other silica polymorphs, (Si02)x. contain 
Q 4 atoms only. Figure 3.2 shows some examples. 
olivine hemimorphite pseudowollastonaite 
A A A o I 
makatite quartz 
A o Si O O o 
Figure 3.2 Examples of silicates containing different types of silicon atom. 
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In many cases, the connectedness of a silicon atom can be determined from the 
chemical shift of its 2 9 Si NMR signal. Several authors have reported tables relating 
8si ranges to Qs 3,4,5 These have been obtained by considering many silicates where 
structures are known. Figure 3.3 combines the data from Engelhardt and Michel2 and 
Magi et a/.5 
Q3 
Q 2 
Q 
Qv 
i i i i l i n i l i i i i l i n i l i i i i l i i i i l i i i i l i i i i l i i i i l i i i i l i i i i l i i i i l 
-60 -70 -80 -90 -100 -110 -120 
Chemical Shift, 8 /ppm 
Figure 3.3 The relationship between 2 9 Si chemical shift and connectedness. 
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3.2 Previous NMR Studies of the Layered Sodium Polysilicate Hydrates 
The first 29Si NMR spectra of layered sodium polysilicate hydrates were 
reported by Schwieger et al. in 1985.6 The authors acquired single-pulse spectra for 
octosilicate, magadiite and a "kenyaite-like structure." Separate signals could be 
resolved for silicon species of type Q 3 and Q 4. The Q 4 chemical shifts of the single 
signal in octosilicate and the overlapping signals in magadiite and kenyaite were 
related to mean Si-O-Si bond angles using the relationship of Smith and Blackwell.7 
Successful cross-polarisation spectra were acquired for octosilicate and magadiite, 
only. The enhancement of the Q3 signals with respect to the Q 4 signals in these 
spectra was related to the stronger interaction between proton and silicon nuclei in a 
silanol silicon atom, =Sj-OH. The authors measured the ratios of Q3 and Q 4 peak 
areas for octosilicate, magadiite and kenyaite as 1:0.89, 1:2.07 and 1:4.07, 
respectively. These values were used to form hypothetical model structures for the 
layered sodium polysilicate hydrates by condensation of two, three or five layers of the 
known makatite structure.8 Similar models were related to thermal behaviour and 
powder X-ray diffraction results by Brandt and co-workers.9'10-11 
Pinnavaia et al. used 29Si NMR to study tetrahedral site distributions in 
magadiite and its layered silicic acid.12 Two signals were visible in a 29Si SP 
spectrum of magadiite. These were assigned with respect to the chemical shift of 
kanemite which was assumed to contain Q3 silicon atoms only. Since the high-
frequency signal of magadiite shared this chemical shift, it was assigned to Q 3 silicon 
atoms while the other signal was assigned to Q 4 silicon atoms. The integrated C^Q 4 
ratios of the two signals was 0.25:0.75 in magadiite and 0.24:0.76 in H-magadiite. 
These values were used to form a simple hypothetical model of the H-magadiite 
silicate layer. The spectrum of kanemite also contained a small Q 4 absorption, due to 
hydrolysis and condensation of the Q3 units. 
Rojo et al. used 29Si NMR to study the thermal behaviour of H-magadiite and 
the formation of a silyl derivative.13 After heating at 200 °C, the silicic acid gives a 
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spectrum containing two broad lines which were assigned to Q 3 and Q 4 silicon sites. 
There was an increase in the relative Q 4 intensity after heating at 500 °C. This is 
characteristic of condensation processes which were complete after heating to 800 °C, 
where a single Q 4 line was observed. The initial heating resulted in a sharpening of 
the two signals and a divergence of their chemical shifts. This was attributed to a 
decrease in interactions between the Q3 silanol protons and bridging oxygen atoms. 
The 29Si NMR spectrum of a trimethylsilyl derivative contained similar signals to the 
original H-magadiite sample, indicating that many structural features were retained 
after the silylation procedure. Rojo et al. proposed a simple structure for the 
H-magadiite silicate layer using the same method as Pinnavaia et al. and their own 
Q3;Q4 site ratio (0.33:0.67). 
The work of Nesbitt included 29Si, 23Na and lH NMR spectra of several 
makatite, kanemite, octosilicate, magadiite and kenyaite samples. 14 The 29Si spectra 
of makatite and kanemite contained two Q3 signals. In both cases, these were 
assigned with respect to the known crystal structure of makatite.8 The two types of 
silicon atom can be differentiated with respect to bonding to sodium, via oxygen. 
Nesbitt also acquired 2 3 Na NMR and *H CRAMPS spectra. A notable conclusion 
from the former was the presence of an isolated sodium site in some magadiite and 
kenyaite samples.15 This sodium site produced no signal on 23Na cross-polarisation 
and a high-frequency Q 4 signal in kenyaite behaved similarly on 29Si cross-
polarisation. For octosilicate, magadiite and kenyaite, 29Si SP site ratios, Q3:Q4, were 
used to form hypothetical model structures in the same way as Schwieger et al$ 
Thus, the structure of all the other layered sodium polysilicate hydrates could be 
related to that of makatite. The average measured Q^iQ4 ratios in his work were 1:1 
for octosilicate, 1:1.5 for magadiite and 1:2.7 for kenyaite. Unlike Schwieger et al., 
Nesbitt saw that the sheets could be condensed in two ways. One of these methods of 
"lamination" left Q3 silicon atoms within the silicate layers, providing a plausible site 
for isolated sodium species. 
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Garces et a/. 16 based model structures for magadiite and octosilicate on known 
zeolite structures using scant evidence from infrared and 29Si NMR spectroscopy. 
The hTlK spectra of octosilicate and magadiite contain peaks at 1225 cm-1, shoulders 
at 1210 cm-1 and 1175 cm-1 and absorptions in the region 650-500 cm-l. Such 
features are typical of five-membered rings of silicon atoms (as in sepiolite), blocks of 
four five-membered rings (dachiardite and epistilbite) and chains of blocks of four 
five-membered rings, respectively. The 29Si NMR spectra contained Q3 and Q 4 
silicon sites, with the former being lost on heating the samples. The Q3 chemical 
shifts were similar to that observed in zeolite ZSM-5 and the Q 4 chemical shifts were 
in the region of silicalite absorptions. With this spectroscopic evidence, the authors 
proposed new hypothetical structures for magadiite and octosilicate which were based 
on those of the mordenite and pentasil group zeolites, which also contain 5-membered 
rings. 
Yanagisawa et al. prepared trimethylsilyl, diphenylmethylsilyl, allyldimethyl-
silyl and dodecyltrimethyl ammonium derivatives of kanemite, magadiite and K -
kenyaite. 17-20 A microporous product was prepared by calcination of the latter. 
Several techniques were used in the characterisation of these reactions, including 2 9 S i 
NMR spectroscopy. By making organic derivatives of the surface silanol groups of 
the layered sodium polysilicate hydrates, the authors hoped to "design the interlayer 
space." 
Rojo et al. reported a spectroscopic study of the formation of H-magadiite by 
proton-sodium exchange 21 Two end-points were visible in curves for the titration of 
their magadiite sample with acid. These correspond to exchange of the two types of 
sodium species that are visible in the 23Na NMR spectra. The authors investigated 
this reaction with a variable temperature static 1H NMR and infrared study and 
measured the basal spacings of their silicic acid products using powder X-ray 
diffraction. The silicic acid from natural magadiite (basal spacing, dnoi = 11.2 A) 
was different to that from a synthetic sample (dooi = 13.2 A). Using their results, the 
authors were able to propose a schematic interlayer space (figure 3.4) There are two 
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sites for the sodium ions in magadiite together with water molecules, hydroxyl groups 
and oxide ions. The H-magadiite interlayer space consists solely of two types of 
hydroxyl groups- as previously predicted by Rojo et a/.22 Thermogravimetric 
analysis showed that the silicic acids contain less water than their parent sodium form. 
On heating Na-magadiite, water molecules are lost below 250 °C; above this 
temperature, silanol groups condense with the loss of further water molecules. 
Magadiite H-Magadiite 
I—I I—I OH H.O 
H.0 (H.O H.O 
Na+ ©© H_0) H_0 H_0 
i 
Figure 3.4 Schematic representations of the interlayer spaces in magadiite (dooi = 
15.5 A) and H-magadiite (dooi = 11.2 A), after Rojo et a/.2l 
Sprung et al. produced a microporous pillared magadiite sample, by the 
reaction of H-magadiite with polymers of phenyltrichlorosilane and cyclohexyltri-
chlorosilane.23 Powder X-ray diffraction, surface area measurements, scanning 
electron micrography, thermogravimetric analysis, infrared spectroscopy and 2 9 Si and 
13C NMR were used as analytical methods during this work. Single-pulse 29Si spectra 
were shown for the original magadiite sample, its silicic acid and a pillared derivative. 
The structure of the silicate layer was probably retained after reaction with the 
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organosilicon polymer since all three spectra show similar Q3 and Q 4 peaks. Cross-
polarisation 2 9 Si spectra were reported for the pillared product even after calcination 
at 550 °C, indicating that the sample still contained some protons after extreme heat 
treatment. 
Schwieger et al. studied the acidification of makatite.24 The 29Si NMR 
spectra of makatite and H-makatite would be expected to have Q3 peaks only. This 
was the case in their cross-polarisation spectra, but a second peak was visible at 5si 
-107.5 in the single-pulse spectra. This was assigned to an cc-quartz impurity on the 
basis of its chemical shift.25 H-Makatite had a main peak at a lower-frequency than 
its parent sodium form, by ca. 7 ppm. Slightly shifted signals had been observed in 
the silicic acid spectra of octosilicate, magadiite and kenyaite: the difference in 
chemical shifts covered a range of -0.1 ppm to 2.0 ppm. The shift change for makatite 
and H-makatite was similar to that observed for a-Na2Si20s and H2Si20s-I (8si -94.4 
and -101.6, respectively). These observations were explained with respect to 
structural effects- for example, changes in bond-angle. 
Scholzen et al.26 published a paper entitled "Diversity of Magadiite." Several 
samples of magadiite and a related potassium silicate were analysed using powder X-
ray diffraction, FTTR spectroscopy and 29Si NMR. The related potassium silicates 
could be prepared from magadiite by treating the silicic acid with aqueous potassium 
hydroxide. Though other methods showed that there was some diversity in these 
samples, they all had similar basal spacings in the region 15.0-15.2 A. The powder X-
ray diffraction patterns could be sharpened by refluxing the silicates in aqueous 
Na2CC»3 solution. The 29Si NMR spectra contained Q3 signals over a range of 
0.4 ppm and the Na2C03-treatment shifted the 29Si NMR signals to lower frequencies 
by ca. 2 ppm, sharpening the lines of the Na-magadiite samples, considerably. The 
main manifestation of the diversity is in the measured Q^Q 3 ratios. These varied 
between 1 and 2.7. The authors related these ratios to formulae and noted that the 
values were heavily dependent on pulse repetition times. 
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Borbely et al. studied the characterisation and structural features of octosilicate 
and H-octosilicate.27 They used a combination of thermogravimetric analysis and 
Karl Fischer titrations to determine the water contents of their samples. The method 
allowed molecular water and structural water (from silanol groups) to be 
distinguished. A small amount of aluminium contamination was detected in octo-
silicate by 27Al NMR; this was used to assign the small shoulder in a 29Si NMR 
spectrum to Si{3Si,Al}. Acidification of octosilicate produced a silicic acid with a Q3 
signal at 8si -99. On mild heating this shifted to Ssi -103; this change was 
accompanied by a sharp DTA endotherm at ca. 360 K. The powder X-ray diffraction 
pattern of H-octosilicate was tentatively indexed using the a and b parameters of 
octosilicate; with a smaller value for c (corresponding to a shorter basal spacing) and a 
119.8° value for |J- indicating that acidification results in a shearing of the silicate 
layers. 
Dailey and Pinnavaia reported an intercalative reaction of a cobalt(IH) cage 
complex with magadiite28 and the formation of a silica-pillared derivative of 
H-magadiite.29 The cationic metal cage complex was (1,3,6,8,10,13,16,19-octaaza-
bicyclo[6,6,6]eicosane)cobalt(III) and the silica-pillared derivative was formed by 
reaction with octylamine and tetraethylorthosilicate. Several analytical methods were 
used in their work, including some highly-significant 29Si NMR measurements. 
Previously, there had been great variety in the reported Q3:Q4 ratios for magadiite. 
This was assumed to be due to selective saturation of some of the signals because a 
short repetition time (<5T]Si) had been used. Dailey and Pinnavaia calculated 2 9 Si 
spin-lattice relaxation times and determined an accurate Q3;Q4 ratio of 0.35:1 for Na-
magadiite. The Ti-values were 180 s and 280 s for the Q3 and Q4 sites, respectively 
in magadiite and 95 s for all peaks in H-magadiite. 
Wong and Cheng prepared pillared magadiite by ion-exchange with Keggin 
ion solution.30 The sample was used as a catalyst in an attempted dehydration of 
propan-2-ol and the 29Si SP spectrum was fairly similar to that of H-magadiite after 
calcination in air at 300 °C. 
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Hauck used octosilicate as a standard sample to test spectrometer procedures 
for measuring relaxation times.3i The results include spin-lattice relaxation times of 
60 s and 117 s for the Q3 and Q 4 signals in octosilicate and an accurate Q3:Q4 ratio 
which was close to unity. 
Heidemann also measured 2 9 Si spin-lattice relaxation times for magadiite and 
calculated Q3;Q4 ratios.32 In his work Ti-values were even larger 156 s and 500 s to 
610 s for the Q3 and Q 4 signals, respectively, in a synthetic sample and 274 s and 
784 s to 915 s in a natural sample. The Q^Q 4 ratios in both samples was around 1:3. 
Many authors have acquired 29Si NMR spectra of the layered sodium poly-
silicate hydrates. Table 3.1 lists chemical shifts and there is clearly some variation. 
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Silicate Silicon Che 
8a/ 
Q3 
mical Shift, 
ppm 
04 
Reference 
Makatite -93.5 Nesbittl4 
Makatite -93.6 Schwieger et al. 2 4 
Kanemite -101 Pinnavaia et alX2-
Kanemite -95.9 
-97.8 
Nesbittl4 
Kanemite -97.2 Yanagisawa et a/.20 
Octosilicate -101.8 -111.2 Schwieger et al. 6 
Octosilicate -100.2 -111.3 Nesbittl* 
Octosilicate -100 -111 Garces et alA6 
Octosilicate -100.5 -111.7 Borbely etal.27 
Octosilicate -99.9 -111.1 Hauck3l 
Magadiite -101.0 -112.2 
-114.8 
-117.5 
Schwieger et alfi 
Magadiite -102 -113 Pinnavaia et al.12 
Magadiite -99.5 -109.6 
-111.3 
-114.0 
Nesbittl4 
Magadiite -99.5 -109.5 
-111.3 
-114.0 
Nesbittl4 
Magadiite -99.1 -109.3 
-111.3 
-113.6 
Nesbitti* 
Magadiite -99.5 -111.3 
-114.0 
Nesbittl4 
Magadiite -99.5 -109.0 
-111.3 
-114.0 
Nesbittl4 
Magadiite -99.5 -109.0 
-111.3 
-114.0 
Nesbitti4 
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Silicate Silicon Che 
Q3 
mical Shift, 
ppm 
Q4 
Reference 
Magadiite -99.7 -109.5 
-111.2 
-113.6 
Gaicesetal.16 
Magadiite -99.0 -110.7 
-113.2 
Yanagisawa et a/.17,18,19 
Magadiite -99.1 -109.7 
-111.0 
-113.7 
Sprung et al2^ 
Magadiite -99.2 -110.0 
-111.0 
-113.5 
Scholzen et 
Magadiite -99.3 -110.0 
-111.2 
-113.9 
Scholzen et al.2^ 
Magadiite -99.8 -110.7 
-111.7 
-114.2 
Dailey and Pinnavaia28 
"Kenyaite" 
- a kenyaite-like 
structure 
-101.0 -109.7 
-112.2 
-114.1 
-117.0 
-120.5 
Schwieger et alfi 
Kenyaite -99.5 -108.2 
-110.6 
-111.2 
-114.0 
-118.5 
Nesbittl4 
Kenyaite -99.1 -109.5 
-111.3 
-113.6 
-118.5 
Nesbittl4 
K-Kenyaite -98.5 -109.7 Yanagisawa et a/,17,18,19 
Table 3.1 Literature 29Si chemical shifts for layered sodium polysilicate hydrates. 
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3.3 Layered Sodium Polysilicate Hydrate Structures 
3.3.1 Known Structures of Potentially-Related Silicates 
Makatite is the only layered sodium polysilicate hydrate with a known 
structure. This was reported by Annehed et al. in 1982.8 Single crystals of an 
adequate size for X-ray diffraction were grown from a solution containing the 
complexing agent, triethanolamine.33 The structure consists of single silicate layers 
separated by hydrated sodium ions. Figure 3.5 shows that each [Si204(OH)]nn- layer 
consists of six-membered rings of corner-sharing SiC>4 tetrahedra. Figure 3.6 shows 
the co-ordination of water and oxide ions around the sodium ions. 
Figure 3.5 A schematic diagram of one makatite [Si204(OH)]nn- layer. Using the 
notation of Annehed et al. this is a projection parallel to [010].8 
Tetrahedra represent Si04. 
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z sin p 
8 8 o 
Figure 3.6 A schematic diagram of the makatite structure showing Si04 
tetrahedra, water oxygen atoms (small filled circles) and sodium ions 
(large unfilled circles). According to the notation of Annehed et al., 
this is a projection along the a crystallographical axis.8 
Kanemite shares the same silicic acid as KHSi20s. The structure of this 
silicate has been reported by Le Bihan et a/34 As with makatite, the structure consists 
of single silicate layers containing six-membered rings of comer-sharing Si04 
tetrahedra (figure 3.7). 
Figure 3.7 A schematic diagram of the silicate layer in KHSi2C>5.35 
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The structural differences between makatite and KHSi20s can be emphasised 
by considering simplified versions of the projections in figure 3.6. In figure 3.8, SiC>4 
tetrahedra are represented as triangles. This is a closer approximation for makatite 
than in KHSi20s, where there is considerably more puckering of the SiCXj. tetrahedra. 
This extra puckering is responsible for the 29Si chemical shift of KHS12O5 (ca. 
-90 ppm) being less negative than that of makatite.36 
w w 
Na K H K H K H K H Na Na Na Na Na 
w A A w A A 
Makatite KHSi20 5 
Figure 3.8 Schematic projections of the structures of makatite and KHSi20s. 
Other than the presence of a different alkali metal ion, there are two important 
structural differences between makatite and KHSi2C>5. The periodicities of these 
projections are different: the makatite layer is a combination of vierer chains while the 
KHSi2C>5 layer is a combination of zweier chains.37 More importantly, the layers in 
KHSi205 only are connected by hydrogen bonds. Deng et al. have shown that the H-
bonded protons give a high-frequency 1H MAS NMR signal,36 which is not present in 
the spectrum of makatite. 
Makatite and KHSi20s are single-sheet silicates which only contain Q3 silicon 
atoms. Octosilicate, magadiite and kenyaite contain Q 4 silicon atoms and are likely to 
have structures with multiple sheets. An interesting example of such a silicate is 
piperazine silicate (EU19).38 Though only very small crystals were available, 
structural determination was possible using synchrotron radiation.39 EU19 consists of 
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double silicate layers, held together by hydrogen bonds with piperazinium cations. 
The double silicate layer contains silicate sheets of eight-membered rings of S1O4 
tetrahedra (figure 3.9a). The linking between these sheets constitutes five-membered 
rings (figure 3.9b). 
a 
b 
N N N o 
O O 
N N N o 
> — N 
< > o 
0 o 
Figure 3.9 The structure of EU 19:39 a ) a component of the double silicate layer in 
projection along c; and B) a b-axis view, showing double silicate layers 
held together by H-bonding interactions with piperazinium cations. In 
each diagram, circles represent silicon atoms; these are separated by 
oxygen atoms (not shown). 
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6si / ppm 
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- 9 0 - 9 5 - 1 0 0 - 1 0 5 - 1 1 0 - 1 1 5 - 1 2 0 
Figure 3.10 A 29Si CP spectrum of EU19. The conditions used were: recycle time 
= 10 s, 256 transients, spinning rate = 1.97 kHz; and contact time -
5 ms. The sample was kindly prepared by Dr. Kevin Franklin and LA. 
Crone at Unilever Research Port Sunlight Laboratory. 
Figure 3.10 shows a 2 9 Si cross-polarisation spectrum of EU19. This contains three 
signals which correspond to the three silicon atoms in the asymmetric unit of the 
compound. A Q3:Q4 r a t io of 1:2 would be expected from a quantitative 29Si NMR 
spectrum. 
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The silica polymorph, tridymite has a 29Si NMR spectrum with signals at 8si 
-109, -111 and -114.0.7 These are very similar Q 4 chemical shifts to those of 
magadiite. Therefore, the structure of magadiite might be similar to that of tridymite. 
Tridymite has a regular 3-dimensional structure (figure 3.11);40 variations in bond 
angles and bond length must be responsible for the 29Si chemical shift range in the 
spectrum of Smith and Blackwell.7 
Figure 3.11 Part of a silicate sheet from the 3-dimensional structure of tridymite. 
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3.3.2 Previously-Proposed Structures 
Several authors have proposed hypothetical silicate layers for octosilicate, 
magadiite and kenyaite. Pinnavaia et al.12 and Rojo et al. 13 proposed simple models 
for H-magadiite. These were based solely on values of the Q 3:Q4 ratio, measured 
from 29Si SP spectra. The models were both double-sheet layers and are shown in 
figure 3.12. The model of Pinnavaia et al. is more likely to be accurate because it is 
based on the correct value of the site ratio (that measured with an adequate recycle 
time by Dailey and Pinnavaia28,29). 
OH OH (a) OH (b) 
OH OH 
OH 
Figure 3.12 Hypothetical H-magadiite structures: (a) Rojo et a/.,13 Q4:Q3 = 2; and 
(b) Pinnavaia et al.,i2 Q4:Q3 = 3. In both cases, the schematic 
diagrams represent a layer of H-magadiite along a direction normal to 
the layer plane. 
Schwieger et alfi and Nesbitti4 showed that hypothetical layer structures for 
octosilicate, magadiite and kenyaite could be formed by condensation of sheets of 
makatite. Figure 3.13 shows the way Schwieger et al. represented models for 
octosilicate, magadiite and kenyaite, with Q4:Q3 ratios of 1, 2 and 4, respectively. 
Nesbitt showed that there were two ways of joining two makatite sheets together: 
these were denoted A- and B-lamination (Figure 3.14). 
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Octosilicate Magadiite Kenyaite 
Makatite silicate layer 
mteriayer 
silicate layer 
Figure 3.13 The hypothetical structures of Schwieger et al.fi based on the 
condensation of makatite sheets. 
A-Laminate B-Laminate 
4- and 8-membered rings 10-membered rings, only 
Figure 3.14 Two methods of forming more condensed layers from sheets of 
makatite.14 
Nesbitt obtained Q4;Q3 ratios of 1.0, 1.5 and 2.7 for octosilicate, magadiite and 
kenyaite, respectively. Plausible hypothetical layers were proposed on the basis of 
these values: octosilicate, 1 A-laminate; magadiite, 2A and IB; and kenyaite, 3A and 
IB or 4A and IB. The magadiite and kenyaite structures have Q3 sites within the 
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layer. This fitted the conclusion that there were intra- and interlayer sodium sites. 
Figure 3.15 depicts molecular models of several layers formed from condensed 
makatite sheets. 
Overleaf 
Figure 3.15 Molecular models of several hypothetical silicate layers. The models 
were formed by manipulating and joining makatite silicate sheetsB 
using Biosymm Catalysis Software. Silicon atoms are shown in 
yellow, oxygen atoms in red and protons in white. All terminal oxygen 
atoms have been capped by protons. 
a) Two makatite sheets, one A-laminate: Q*:Q3 = 1; 
Nesbitti4 and Schwieger et alA models for octosilicate. 
b) Three makatite sheets, two A-laminates: Q4;Q3 = 2; 
Schwieger et al. model for magadiite. 
c) Four makatite sheets, three A-laminates: Q4:Q3 = 3; 
Correct site ratio for magadiite.28 
d) Four makatite sheets, two A-laminates and one B-
laminate: Q4;Q3 = 5/3; Nesbitt model for magadiite. 
e) Six makatite sheets, four A-laminates and one B-
Laminate: Q4:Q3 =3; correct site ratio for magadiite. 
v K w V r 
V 
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In a series of papers, Brandt and co-workers showed that the model structures 
of Schwieger et al. were consistent with known X-ray diffraction and NMR 
measurements^ 10 as well as explaining the thermal behaviour of magadiite.H This 
work included a new proposal for a kenyaite layer structure (figure 3.16). This was 
smaller in the b-direction than a condensed makatite structure, yet it still corresponded 
to a Q*:Q3 ratio of 4. 
VTTb7 
Vb 
Figure 3.16 The hypothetical structure of Brandt and co-workers for kenyaite.9,10 
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3.4 Potential Uses for the Layered Sodium Polysilicate Hydrates 
The layered sodium polysilicate hydrates are porous, absorbent materials with 
considerable inner-crystalline reactivity. Therefore, they have several potential uses 
where such properties are desirable. Their ion-exchange capacity means that many 
modified silicates can be designed. Sodium ions can be replaced with metals, 
including those with catalytic properties, such as nickel. Such exchange reactions can 
also be performed with large quaternary ammonium compounds, forming phases with 
increased layer separations. The layered nature is retained after such reactions and 
further modifications can be attempted to form pillared materials, where the silicate 
layers are separated by stable silicate or polymeric pillars. Many applications have 
been patented, particularly for magadiite. These have tended to be for potential use as 
catalysts or in the rubber and detergent industries. 
Schwieger et alM used nickel treated Na-, H-, NH4- and Ca-magadiite 
samples as dehydrogenation catalysts. In favourable cases, 90 minutes of stable 
catalytic activity were observed with cyclohexane and n-hexane. Catalysts with 
several active sites can be prepared by inserting a polymeric oxide between silicate 
layers and incorporating metals. In a patented example,42 magadiite or kenyaite, 
impregnated with tetraethyl orthosilicate can be swelled by cetylethyldimethyl 
ammonium bromide and an aromatisation catalyst can be formed with gallium, zinc, 
group Villa or group Via metals. Magadiite is also named in a patent for the cracking 
of hydrocarbons.43 in this case, the catalyst was prepared with polymeric silica 
between the layers. Wong and Cheng prepared a pillared magadiite sample by 
intercalation of a Keggin ion between the silicate layers.30 The potential catalytic 
activity of this sample was tested in a propan-2-ol dehydration reaction. 
There are many patented applications for the use of layered sodium polysilicate 
hydrates in the rubber industry. In general, magadiite is used as a support for agents 
which can improve certain properties: magadiite-supported amines accelerate 
vulcanisation and produce a more stable product;^ colouring agents can be prepared 
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by supporting pigments;45 when flame retardants are adsorbed on magadiite, flame-
proofing is improved because retardant desorption decreases;4^ supported silicone oil, 
a moulding additive, is more easily incorporated into solid rubber or latex;4? and 
excellent rubber crumbs can be prepared with the addition of magadiite (7 %). 48 
The layered sodium polysilicate hydrates have potential uses in the detergent 
industry. As with zeolites, they can be used in formulations with low concentrations 
of phosphates. Bergk et al. reported that magadiite could replace a quarter of the 
sodium tripolyphosphate in laundry formulations.49 Several other potential 
applications for magadiite have been patented: a detergent raw material;50 a high-
whiteness detergent ingredient;5! a hand cleaner ingredient;52 a fluorescent 
brightener;53 and a phenol removal adsorbent.54 
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Chapter Four Experimental 
4.1 NMR Spectrometers 
Three different spectrometers have been used for this work. During the first 
two years most research was done using a Bruker CXP200. This was replaced by a 
Chemagnetics CMX200 for the final year. Throughout the work, occasional spectra 
were acquired with a Varian VXR300. This was replaced in July 1994 with a Varian 
Unity Plus 300, which was used to acquire a few spectra. 
The CXP200 and CMX200 spectrometers used the same Oxford Instruments 
wide-bore (89.5 mm) superconducting magnet with a magnetic field strength of 4.7 T. 
This gives resonance frequencies of 200.13, 52.938, 50.323 and 39.760 MHz for 1H, 
23Na, !3C and 29Si respectively. The magnet was refurbished before the installation 
of the CMX200 with no change in magnetic field or resonance frequencies. 
The CXP200 was a dual-channel spectrometer, capable of simultaneous 
irradiation at a high frequency (corresponding to protons) and a low frequency 
(corresponding to 2 9 Si , say). The radiofrequency pulses were controlled by separate 
frequency synthesisers and a 16-step pulse programmer. The Aspect 3000 software 
had been upgraded to virtually the equivalent of a Bruker MSL spectrometer. 
Acquisition, file-storage and retrieval, automation and plotting were enabled via a 
BBC microcomputer interface. 
The CMX200 is a three-channel spectrometer; these are nominally equivalent 
and capable of irradiation over all possible resonance frequencies. Digital pulse 
generation and phasing make many sophisticated experiments possible. Two software 
packages, CMXW and Spinsight, were used for acquisition, file-storage and retrieval, 
automation and plotting, and the system was controlled by a Sun work-station 
interface. Transmitter power levels could be set manually by dials on the 
spectrometer, through the keyboard or from within a pulse programme. Efficient 
operation was possible with the implementation of macros- for setting tuning 
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conditions, running variable parameter experiments or contiguous plotting, for 
example. 
Two commercial Doty probes were used for all the work on the CXP200 
spectrometer. These were broad-band, dual-channel, double-bearing probes covering, 
between them, the tuning range 20 to 90 MHz. Though each probe only covered half 
this range, 1 5 N to !3C and !3C to 3ip, both could be successfully tuned to silicon and 
1H spectra could be obtained through the decoupling channels. It was generally the 
higher frequency probe that was used for 29Si. The zirconia rotors were cylindrical 
with a 7 mm outside diameter and capable of holding ca. 0.25 g of a layered sodium 
polysilicate hydrate sample. Kel-F caps were used and inserts of the same material 
were available for running liquids or air-sensitive materials. Stable spinning rates 
between 100 Hz and 5 kHz were achievable. 
Several probes are available for use with the CMX200 spectrometer including 
the two Doty probes mentioned above. A Chemagnetics "HX" dual-channel double-
bearing probe was used for acquisition over the whole frequency range. Tuning to a 
particular nucleus merely required the insertion of particular capacitors. The zirconia 
Pencil rotors are larger than those for the CXP200 with a 7.5 mm outside diameter and 
a capacity of ca. 0.4 g of a layered sodium polysilicate hydrate. Samples were packed 
between a PTFE end-cap and spacer; the bottom of the rotor was grooved to enable 
spinning and made of Kel-F. Spinning rates of up to 6 kHz were possible and an 
automatic speed controller was available to keep these constant to within ±1 Hz. A 
Chemagnetics "HF" probe was used for fast spinning experiments. The small 4 mm 
zirconia rotors could be used with PTFE or polymethylmethacrylate spacers and end-
caps. Spinning-rates of up to 18 kHz were possible. 
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4.2 The Optimisation Procedure 
Before the acquisition of spectra, several tuning procedures have to be 
undertaken to optimise the performance of the spectrometer: setting the magic-angle; 
shimming; getting a 90° pulse of the correct duration; Hartmann-Hahn matching; and 
referencing the chemical shift. Many methods have been used in the course of this 
work. 
Shimming involves the fine adjustment of coils within the magnet to ensure a 
homogenous magnetic field. Setting shims from scratch can be a lengthy process for 
which there are well-established procedures;1 this is normally only necessary when 
introducing new probes into a spectrometer system. Some small amount of adjustment 
to the existing shim values was sometimes necessary before acquiring spectra. This 
was achieved by optimising the single line observed in the 1H spectrum of silica gum, 
in terms of line-width and shape (for the CXP200) or by maximising the FID observed 
from adamantane or PDMSO (for the CMX200). 
The orientation of a rotor relative to the magnetic field was set to the magic-
angle using one of two methods: maximising the rotational echoes in the 79flr FID of 
KBr or optimising the shape of the NO3 resonance in the 1 5 N spectrum of an 
NH4NO3 sample (20 % enriched in 15N). Since small deviations from the magic 
angle would have little effect on the spectra acquired for this work, it was not 
necessary to set the magic-angle prior to each spectrometer session. 
With a simple single pulse sequence, optimum signal intensity is observed 
when the pulse induces a 90° nutation of the sample's bulk magnetisation. Therefore, 
approximate calibration of the pulse duration is necessary to ensure reasonable signal 
to noise. This can be achieved through obtaining a null signal corresponding to a 180° 
pulse, by varying the intensity or duration of the pulse. More complex pulse 
sequences (e.g. CRAMPS) depend more heavily on the precision of the pulse-duration 
calibrations, and special pulse sequences exist to do this. If a 1H 90° pulse is correctly 
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set, then achieving a Hartmann-Hahn match effectively calibrates the 90° pulse 
duration of the dilute-spin nucleus. 
Hartmann-Hahn matching is necessary for successful cross-polarisation. This 
involves equalisation of the gap between the rare and abundant spin energy levels so 
that YiBn = YsBis (see section 2.7). The power of the proton transmitter is generally 
the limiting factor in tuning for this experiment as it is on for the longer fraction of the 
pulse sequence. Therefore, a maximum 1H power is generally fixed and the power of 
the dilute-spin transmitter varied until optimum signal intensity is observed. For such 
a procedure to be feasible, a suitable sample is necessary. Adamantane is an excellent 
compound for obtaining the Hartmann-Hahn match for 13C CP. Several samples have 
been used throughout his work for 29Si CP: Gasil 200; H-kanemite, tetra(terr-
butyl)silane and tetrakis(trimethylsilyl)silane. Of these, the last-mentioned is certainly 
the best. For 23Na CP no suitable sample has been obtained and octosilicate has been 
used to find an approximate match (NaBR* has been recommended in the literature).2 
Several secondary references have been used to set chemical shifts to widely 
accepted values (See table 4.1). For this work, the chemical shifts of silica gum, 
tetrakis(trimethylsilyl)silane, polydimethylsiloxane and adamantane have been 
measured relative to the widely accepted reference of tetramethylsilane (8si = 5R =5C 
= 0 ppm). The use of a sodium chloride solution at a finite (but consistent) 
concentration might give reported 23Na chemical shift values that differ from those 
measured relative to the more widely-accepted standard. It was judged that any 
trouble taken for better referencing would have been out of proportion to the 
usefulness of exact §Na measurement in the solid-state. 
A typical CXP200 spectrometer session involved tuning the proton channel 
with silica gum- checking the shimming and adjusting the intensity for a 4 (is 90° 
pulse; obtaining a Hartmann-Hahn match for 13c CP with adamantane; and then 
tuning to silicon, referencing with silica gum and obtaining a Hartmann-Hahn match 
with H-kanemite. With the CMX200 spectrometer, most of the tuning could be 
achieved by obtaining a 13C CP Hartmann-Hahn match for adamantane: the state of 
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the shimming and the magic-angle would be apparent from the width and shape of the 
lines, and the proton 90° pulse duration could be obtained by looking for zero signal 
from a 180° pulse. The spectrometer was then tuned for 29Si, 23Na, or *H with 
tetrakis(trimethylsilyl)silane, NaCl solution (1 mol dm-3) or PDMSO, respectively. 
Nucleus Secondary References Chemical 
Shift, 
5/ppm 
Primary Reference, 
5 = 0 ppm 
29Si Silica Gum 
tetrakis(trimethylsilyl)silane 
-22.74 
-9.5 
Tetramethyl Silane 
(TMS) 
1H Silica Gum 
Polydimethylsiloxane 
0.06 
0.08 
Tetramethyl Silane 
(TMS) 
23Na Aqueous NaCl 
(1 mol dm-3) 
0 Aqueous NaCl 
(0 mol dm-3) 
13C Adamantane 28.4(CH) Tetramethyl Silane 
(TMS) 
Table 4.1 Compounds for chemical shift referencing. 
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4.3 Acquiring Spectra 
The possible nuclei for study in this work were clearly restricted to those 
present in the layered sodium polysilicate hydrates, 29Si, 1H, 23Na and 1 7 0 . In 
addition, 13C NMR was used to tune the spectrometer. Table 4.2 lists relevant 
spectroscopic data for these nuclei.3 
Nucleus Spin, I Natural Gyromagnetic Relative Relative 
Abundance ratio, y Receptivity: Receptivity: 
1% / to lH tol3C 
10?radT-l s-l 
29Si I 2 4.70 -5.3188 3.69 xlO-4 2.10 
1H JL 2 99.985 26.7519 1 5670 
23Na 3 2 100 7.08013 9.27 x 10-2 526 
13C 1 2 1.108 6.7283 1.76 x 10-4 1 
17Q 5 2 0.037 -3.6279 1.08 x 10-5 0.0611 
Table 4.2 Spin properties of the nuclei available for study in this work. 
Because of low natural abundance and a small gyromagnetic ratio, no spectra 
were acquired for 170; enriched samples would have been necessary to have obtained 
spectra in a reasonable time. 
Single-pulse and cross-polarisation experiments have been used for the 
acquisition of single 1-dimensional spectra. Pulse sequences for these are shown in 
figures 2.3 and 2.8, respectively. Standard programs were supplied with each 
spectrometer for the acquisition of single pulse without decoupling, decoupled single 
pulse and cross-polarisation spectra- DURHSPND, DURHSPDE and DURHCPMA, 
respectively for the CXP200 and 1 pulse, lpda and cp, respectively for the CMX200. 
Many additional standard experiments were available: DURHSPT1 and tl ir for 
inversion-recovery; DURHCPVC for variable contact time cross-polarisation; tlrho 
and tlrhox for measuring proton Tip-values directly or by CP. The CMX200 cross-
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polarisation with flip-back pulse-sequence, cpflip, was also commonly used. It should 
be noted that CXP200 pulse sequence names have been written in upper-case with the 
prefix, DURH-, while CMX200 pulse sequence names have been written in lower-case 
with no prefix. In this work, some CMX200 pulse sequences were specially written: 
for 2-dimensional 1H,1H exchange; selective-inversion; and 2-dimensional cross-
polarisation correlation spectroscopy. 
Some spectral parameters are listed for each spectrum in this thesis, particularly 
the spinning rate, recycle time, contact time and number of transients, as these were 
liable to vary greatly for each spectrum. Typical values of the other parameters 
deserve recording here. With all machines, 90° pulses were tuned to ca. 4 us for all 
nuclei except 2 3Na, where the quadrupolar nature of the nuclei meant that the choice 
of pulse-duration was more variable. This value is particularly relevant to measure-
ments of Tip, which is dependent of the spin-locking frequency (62.5 kHz, in this 
case). The dwell time and number of points acquired for each spectrum were chosen 
to provide adequate spectral widths and acquisition times. 
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4.4 Calculation of Relaxation Times 
This work contains many experiments that give rate constants. Spin-lattice 
relaxation times have been obtained using the inversion-recovery pulse sequence. 
Variable contact time experiments allow Tis and proton Tip values to be calculated. 
Proton spin-lattice relaxation times in the rotating frame of reference have also been 
determined with variable spin-locked delay experiments, either directly or indirectly 
(via CP). In general, one pulse program will be used in each experiment, while a 
macro or automation program acquires several FID's, each with a different value for 
one of the parameters. Spectra are then obtained using constant apodisation, zero-
filling, fourier-transformation, baseline-correction and phasing. Peak-picking can 
then provide lists of signal intensity against the varied time parameter. This 
information can be fitted to an equation giving values of the rate constants. Table 4.3 
provides a summary of the experiments and equations that have been used. 
SPSS for MS Windows version 6.0 has been used for all fitting procedures at 
its default settings- the Levenberg-Marquardt estimation method minimising the sum 
of squared residuals with no constraints. This method results in values for the 
parameter estimates, an asymptotic standard error, asymptotic 95 % confidence limits 
and a correlation coefficient, r 2. For each value determined, the parameter estimate 
has been quoted with an error calculated from the 95 % confidence limits and not the 
standard error (which would be at 50 % confidence). The r2 parameter has been used 
as a measure of fit between the data and the model equation. Where graphs are 
shown, the fitted lines have been simulated by determining signal intensities from the 
fitted values for at least a hundred time values spread equally over the time range, 
using Microsoft Excel for Windows version 4.0. 
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Experiment Equation Relaxation Time(s) 
Inversion-Recovery 2.12 Ti 
Variable Contact Time 7.17 T i D and Tis 
Variable Spin-Locked Delay 2.13 Tio 
Table 4.2 Experiments and equations for determining relaxation times. 
4.5 Origin of Samples 
Layered sodium polysilicate hydrates samples have been obtained from three 
sources. Five samples have been donated by Prof. R.K. Harris of Durham University 
(table 4.3). It is highly likely that most of these samples had been previously analysed 
by Nesbitt,4 while the octosilicate sample was prepared by Smith.5 Many samples 
have been prepared at Unilever Research Port Sunlight Laboratories by Ian. A. Crone 
or Dr. Peter Graham (table 4.3). An additional three samples were synthesised; details 
can be found in section 4.6. In many cases these samples have been further modified 
by chemical or physical treatment, but the following tables list the untreated samples 
that were available for this work. 
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Silicate Sample Synthetic or 
Natural? 
Source 
Makatite mka Synthetic Nesbitt** 
Kanemite kna Synthetic Nesbitt* 
Octosilicate oca Synthetic Smith, 19825 
Magadiite mga Natural Cureton Mineral Co., 
Tucson, Arizona, USA.* 
Kenyaite kya Natural Cureton Mineral Co., 
Tucson, Arizona, USA.* 
Table 4.3 Layered sodium polysilicate hydrate samples received from Prof. R.K. 
Harris, Durham University. *These have probably been previously 
tested by Nesbitt. 
Silicate Sample Source 
Kanemite knb Synthesised 
Kanemite knc Synthesised 
Octosilicate ocb Unilever 
Octosilicate occ Unilever 
Magadiite mgb Synthesised 
Magadiite mgc Unilever 
Magadiite mgd Unilever 
Magadiite mge Unilever 
Magadiite mgf Unilever 
Kenyaite kyb Unilever 
Table 4.3 Layered polycrystalline silicate hydrate samples synthesised at Unilever 
Research Port Sunlight Laboratories. 
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4.6 Syntheses 
Three layered sodium poly silicate hydrate samples were synthesised for this 
work. The following methods were used. 
Magadiite (sample mgb) was synthesised using a method, IAC7, which was 
devised by I.A. Crone at Unilever Research Port Sunlight Laboratories and is based on 
the work of Fletcher & Bibby.6 Distilled water (89.25 g), precipitated silica (18.02 g), 
sodium hydroxide (1.39 g) and sodium carbonate (7.07 g) were weighed into a Teflon 
cup (capacity 150 cm3). This was sealed into a Berghof high temperature autoclave 
and heated at 150-160 °C. for 40 hours. After cooling, the contents were filtered, 
washed with a little distilled water and allowed to dry overnight. The synthesis 
yielded 18.85 g of a white powder, which X-ray diffraction showed to be magadiite. 
Kanemite (sample knb) was prepared using the method of Beneke and LagalyJ 
A methanolic silica slurry was prepared by stirring precipitated silica (60 g) in 
methanol (200 cm3) with a Teflon-blade mixer in an open vessel (capacity 400 cm3). 
An aqueous sodium hydroxide solution (40 g in 35 cm3) was slowly added over thirty 
minutes. The rate of this addition was regulated so that the temperature did not exceed 
30 °C. During this period, more methanol (100 cm3) was added to replace what was 
lost by evaporation. The resulting slurry was then dried at 90 °C. overnight, 
expanding to give a sponge-like solid. This was broken up and placed in crucibles to 
be heated at 700 °C. for 514 hours. The resulting solid was ground and weighed 
(38 g). The powder was dispersed in a large volume of distilled water (2000 cm3) and 
filtered overnight. The residue was washed with a little distilled water and allowed to 
dry. The final yield was 18.9 g of fine white powder which XRD showed to be 
kanemite. 
This method was repeated using a large sealed vessel for the preparation of 
kanemite (sample knc). This prevented the evaporation of methanol so no further 
addition was necessary. The temperature was more easily monitored and never rose 
above 20 °C. The product was shown to be kanemite by powder X-ray diffraction. 
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§ Silicon-29, Hydrogen-1 and Sodium-23 NMR 
5.1 Silicon-29 NMR 
5.1.1 Introduction 
Over the last ten years the layered sodium polysilicate hydrates have been 
extensively studied by silicon-29 NMR. Though much of the work has been 
concentrated on magadiite, single-pulse and cross-polarisation spectra have been 
reported for all five silicates- the work of Nesbittl and Heidemann, Schwieger and co-
workers2*3 has been particularly comprehensive. Therefore, much of the work in this 
section will be a confirmation of previously-published results. Nevertheless, it has 
been essential because 2 9 Si NMR has been used as the primary method of sample 
characterisation. An NMR spectrum could quickly show whether the contents of a 
sample bottle correspond to its labelling. This has been particularly useful as samples 
have been obtained from many sources. In addition to its essential analytical role, this 
29Si NMR study has provided some discoveries leading to new conclusions while 
existing findings can be reconsidered. 
Layered sodium polysilicate hydrate 29Si NMR spectra contain sharp lines 
within the region, 5si -90 to -120. The signals can be assigned to silicon atoms of type 
Q 3 or Q 4, with some confidence. Makatite and kanemite contain silicon atoms of type 
Q 3 only, whereas octosilicate, magadiite and kenyaite contain both Q 3 and Q* species. 
Some spectra contain more than one silicon species of the same connectedness, but it 
is more difficult to make further assignments: unknown structural differences are 
responsible for the two Q 3 lines in makatite or the three Q 4 lines in magadiite, for 
example. Tentative proposals have been made in both these cases: Nesbittl assigned 
the makatite peaks on the basis of bonding to sodium while Schwieger et al.2 
attributed the Q 4 chemical shift variation in magadiite to differences in mean bond 
angles, <Si-0-Si. 
The NMR technique is inherently quantitative provided suitable precautions are 
observed. Therefore, 29Si single-pulse spectra have been used to determine ratios 
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of Q3 to Q 4 silicon atoms in octosilicate, magadiite and kenyaite. However, 
quantitative spectra are only acquired i f adequate recycle times are used and many 
authors have determined such ratios from saturated spectra. Their ratios are probably 
false, but accurate values can be determined if 2 9 Si spin-lattice relaxation times are 
known. This has been achieved for magadiite and octosilicate, but not for kenyaite. 
Quantitative 2 9 Si SP experiments can take a large amount of spectrometer 
time, with recycle delays of an hour or more. In cases where quantitative work is not 
especially desirable, the cross-polarisation technique is particularly suitable as high-
quality spectra can be obtained very rapidly. Thus, a new silicate sample can be tested 
by acquiring a 2 9 Si CP spectrum in an hour or less. This has been used as the primary 
screening method forjudging the quality of samples in this work. A 2 9 Si CP spectrum 
gives essentially the same information as a saturated SP spectrum, though line-widths 
can vary and the presence of Q 4 siliceous impurities are under-represented on cross-
polarisation. 
This section is divided into several parts. Initially, a series of 2 9 Si SP spectra 
for all the layered sodium polysilicate hydrates will be displayed contiguously and 
discussed. Then, the spectrum of each silicate will be discussed individually. The 
final section contains an investigation into the effect of sample-drying on 2 9 Si NMR 
spectra. 
5.1.2 Line-Widths and Chemical Shifts in 2 9 Si NMR Spectra 
The spectra in this section will be described in terms of the width and 
frequency of the peaks. Several factors can be responsible for the width of a line in a 
2 9 Si NMR spectrum. Broadening can be caused by poor instrumentation or 
experimental technique, i.e. inhomogeneities in Bo or deviations from the magic-angle. 
Assuming that such factors can be disregarded, Engelhardt and Michel4 list three 
factors which are most likely to contribute to the line width: dispersion of isotropic 
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chemical shifts; unaveraged dipolar interactions of the 29Si nucleus with 1H, 2 7 A l or 
other NMR-active nuclei; and the presence of paramagnetic impurities. Large 
chemical shift dispersions are likely in glassy or amorphous systems, where very broad 
lines are seen (A14 « 10-20 ppm). Perfectly ordered systems can have very narrow 
lines (Ay$ ~ 0.2-3 ppm). The second factor is less likely to be important in the 29Si 
NMR spectra of layered sodium polysilicate hydrates- dipolar interactions with 
protons should be averaged by high-power proton decoupling and magic-angle 
spinning, and there should be little or no aluminium. Grimmer et al. illustrated the 
dependence of line-widths on paramagnetic impurities with a series of spectra for 
olivine samples, MgxFe2-xSi04.5 Broader lines were observed as the proportion of 
iron was increased. 
The relationship between 29Si chemical shift and connectedness, Qs, has 
already been described (see section 3.1). The wide range of chemical shifts for each 
type of silicon atom indicate that other factors are important. Many authors have 
reported relationships between 5si and various structural parameters. In general, these 
are empirical relationships, for which there is some theoretical background. 
K.A. Smith et al£ reported the dependence of 8si for many rock-forming 
silicates on silicon-oxygen bond-length and cation-oxygen bond-strength {i.e. the 
strength of the O-X bond in sSi-O-X). There was some correlation when bond-length 
data were plotted against chemical shift: shorter bonds corresponded to a lower 
frequency. However much of the data were significantly distant from a least-squares 
regression line. There was a better correlation between bond-strength and chemical 
shift: stronger bonds corresponded to a lower frequency. The data fell within ±2 % of 
a best-fit line and these deviations were consistent with the ±4 % errors in calculating 
the cation-oxygen bond strengths. Grimmer showed that a better correlation is 
observed between Si-0 bond-length and the principal values of the 29Si chemical shift 
tensor.7 
J.V. Smith and Blackwell8 looked for empirical relationships between 5si of 
several silica polymorphs and a number of structural parameters which could be 
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obtained from crystallographic data. The correlation with the secant of the mean Si-O-
Si bond angle provided a better predictor of chemical shifts than mean Si-0 bond-
length, mean Si-Si bond-length or the mean Si-O-Si bond angle, G. Least-squares 
fitting gave equation 5.1 with a correlation coefficient of 0.99811. 
Ramdas and Klinowski? and Magi et al. 10 also showed that the Si-O-Si bond-
angle influenced the 29Si chemical shift. The former included alurninium-containing 
silicates in their treatment while the latter also considered the distortion of the SiC>4 
tetrahedron. On the basis of the general theory of NMR shielding, distorted SiC>4 
tetrahedra should have a relatively high-frequency chemical shift. 
Janes and Oldfield related the net charge of the silicon atom to 2 9 S i chemical 
shift . 11 This can be estimated by considering the electronegativities, EN, of the four 
groups bonded to each silicon atom. Equation 5.2 is an empirical relationship. 
Electronegativities for the ONa, OH, OA1 and OLi groups were listed as 3.4395, 
3.5882, 3.7339 and 3.4385, respectively. Using equation 5.3 to determine the 
electronegativity for the OSi group allows for the Si-O-Si bond angle, 0. 
More elaborate methods of predicting silicate 2 9 S i chemical shifts have been 
reported. Sherriff and Grundyl2 successfully related 5si to a parameter, which is 
based on the magnetic anisotropy and the valence of the bond between the oxygen and 
the second-neighbour cation to the silicon atom. Prabakar et al. 13 defined a 
parameter, P, which takes into account the electronegativity and the structural 
description of silicate units as well as the ionic potential of any cations. This 
satisfactorily accounted for the chemical shift distribution in a wide range of silicates. 
sec8 = -3.1571-0.017847 6si Eq. 5.1 
8si =-24.336 SEN+ 279.27 Eq. 5.2 
EN(OSi) = 2.9235 + 9/136.79° Eq. 5.3 
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5.1.3 Layered Sodium Polysilicate Hydrate 29Si SP Spectra 
Though spectra of individual silicates will be discussed later, a general 
consideration of 2 9 S i NMR spectra of all the layered sodium polysilicate hydrates is 
worthwhile- there are certain group trends which should be emphasised. 
Representative single-pulse magic-angle spinning 2 9 S i spectra for each of the 
layered sodium polysilicate hydrates are displayed in figure 5.1. It is likely that the 
makatite, kanemite, magadiite and kenyaite samples have been previously analysed by 
Nesbitt.1 All the spectra were obtained using the CXP200 spectrometer with a 
spinning rate of around 2.5 kHz. Further experimental details may be found in table 
5.1. Chemical shifts and line-widths are listed in table 5.2. The peaks have been 
assigned to silicon atoms of type Q 3 and Q 4 on the basis of the well-established 
relationship between 5si and connectedness, Q s . It should be noted that the spectra 
were acquired by an inexperienced analyst with an ageing spectrometer. Spectra of 
comparable quality can certainly be obtained in fewer transients with a correctly-
optimised, newer spectrometer (such as the CMX200). 
Silicate Sample Recycle 
Delay 
/ s 
Number of 
Transients 
Makatite mka 30 4106 
Kanemite kna 30 2336 
Octosilicate oca 100 641 
Magadiite mga 60 1223 
Kenyaite kya 100 862 
Table 5.1 Experimental details for the 29Si SP spectra of the layered sodium 
polysilicate hydrates in figure 5.1. 
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Figure 5.1 Single-pulse 2 9 S i spectra of five representative layered sodium poly-
silicate hydrate samples: a) makatite (mka); b) kanemite (kna); c) 
octosilicate (oca); d) magadiite (mga); and e) kenyaite (kya). 
Experimental details, chemical shifts and line-widths can be found in 
tables 5 .1 and 5 .2. Partial saturation is likely in all of these spectra. 
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Silicate Sample Q 
8si / ppm 
3 
Ai^ / Hz 
Q 
5a / ppm 
K 
Avi/Hz 
Makatite mka -93.5 200 
Kanemite kna -96.3 
-97.6 
63 
45 
Octosilicate oca -100.2 16 -111.4 18 
Magadiite mga -99.3 74 -109.5 
-111.5 
-113.7 
-50 
-60 
-50 
Kenyaite kya -99.4 59 -109.7 
-111.5 
-114.1 
-45 
-40 
-40 
Table 5.2 Chemical shifts and full peak-widths at half height for the 29Si 
SP/MAS spectra of the layered sodium poly silicate hydrates, spectra 
displayed in figure 5.1. Line-widths can only be estimated for the 
overlapping (Q 4) signals in magadiite and kenyaite. 
Before these spectra are considered further, a few comments should be made 
regarding the purity of the samples and also how typical they are of other samples 
studied in this work. This is the only available makatite sample and its spectrum 
exhibits signs of amorphous contamination with a broad absorption centred around 5si 
-105. The kanemite spectrum has a low-frequency shoulder, which is unique to this 
sample. Three octosilicate samples have been studied giving virtually the same 2 9 S i 
SP/MAS spectrum. The six magadiite samples are also fairly consistent, but this is 
certainly the best. Finally, the kenyaite spectrum is different to that of a better sample 
that has been used in this work. 
Even though the spectra in figure 5.1 are not always those of pure 
representative samples, several observations can still be made. The group behaviour 
of the layered sodium polysilicate hydrates can be discussed with respect to the 
relative peak areas, multiplicities, chemical shifts and line-widths of these 2 9 S i 
SP/MAS spectra, i.e. peak size, number, frequency and sharpness. 
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The layered sodium polysilicate hydrates can be represented as a series: 
makatite, kanemite, octosilicate, magadiite, kenyaite. Formulae for all the series 
members may be written as Na20:xSi02:yH20, with the proportion of silica to soda, 
x, increasing from 4 in makatite to 22 in kenyaite. This corresponds to an increase in 
the condensation of the silicates, i.e. the proportion of Si-O-Si linkages to Si-OH or 
Si-ONa groups. The 29Si SP/MAS spectra illustrate this well-documented trend. 
Makatite and kanemite both contain silicon atoms of type Q 3 only while octosilicate, 
magadiite and kenyaite also contain Q 4 silicon atoms in increasing proportions. As 
the silica to soda ratio, x, increases, the silicates should become more complex- the 
size of any unit cells might be expected to vary with x. More complex structures 
should have more distinct silicon sites resulting in 29Si SP/MAS spectra with more 
signals. This is the observed trend in these spectra- the makatite spectrum has a 
single line but four may be resolved in the spectrum of magadiite. 
The chemical shifts in these spectra provide ample scope for a consideration of 
structural similarities and dissimilarities between the layered sodium polysilicate 
hydrates. Nesbitt1 proposed a very close structural relationship between makatite and 
octosilicate, magadiite and kenyaite, whereby multiple sheets of the former could be 
used to build plausible models of the rest. These octosilicate, magadiite and kenyaite 
spectra are characteristic of very similar structures- all contain Q3 signals at about 6si 
-100 and there is also a common Q 4 absorption at 5si -111. In going from octosilicate 
to kenyaite, extra Q 4 peaks might evolve as the layer becomes thicker. Using this 
logic, a contrary conclusion can be made concerning makatite and kanemite- large 5si 
variations indicate structural dissimilarities. This need not necessarily be the case as 
several factors can affect 6$, such as average Si-O-Si bond angles and distortion of 
the Si04 tetrahedra, for example (see section 5.1.2). Nesbitt attributed the change to 
differences in the puckering of the silicate sheets. Makatite and kanemite are 
puckered single-sheet silicates with small average bond-angles and high-frequency 
29Si chemical shifts, whereas the multi-sheet layers may be less puckered, with larger 
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average bond angles and lower-frequency Q3 signals. Less-distorted Si04 tetrahedra 
might also be expected for the more condensed silicates. 
In addition to variation in chemical shift, these spectra also exhibit some 
variation in line-width. Octosilicate has the sharpest signals, while the (probably 
impure) makatite signal is broader by a factor of ten. Line-widths are very important 
in determining the feasibility of more-elaborate experiments or the amount of 
information that can be obtained from a single spectrum. For example, a zeolite 
ZSM-12 sample with narrow lines (A^ = 8 Hz) has been used for natural-abundance 
2-dimensional 29Si 29Si COSY and INADEQUATE experiments by Fyfe et al.M 
whereas Chuang et al. reported a silica gel spectrum where the lines were so broad 
that Q 2 , Q 3 and Q4 peaks were poorly resolved.15 The line-widths for the layered 
sodium polysilicate hydrates are between these two extremes: a 2-D 29Si,29Si COSY 
experiment would be impractical, but multiple Q3 or Q4 silicon sites can be resolved. 
The sharpness of the octosilicate signal could be caused by the sample being 
exceptionally crystalline, with each peak corresponding to a narrow range of shielding 
environments. The broadness of the makatite peak can at least partially be attributed 
to overlap with the absorption of an amorphous impurity. 
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5.1.4 Makatite 
Figure 5.2 shows a 2 9 S i CP spectrum for makatite (sample mka). This was 
acquired with the CMX200 spectrometer, equipped with a Doty MAS probe and 7 mm 
zirconia rotors. A standard cross-polarisation pulse-sequence was used, cpflip, and 
512 transients were acquired with a recycle delay of 3 s, a contact time of 3.5 ms and a 
spinning rate of 2 kHz. 
The single-pulse makatite spectrum in figure 5.1 contains a single sharp line. 
There is also a less intense lower-frequency shoulder and some evidence of 
contamination with a broad absorption around 6$ -105. Cross-polarisation has a 
significant cosmetic effect as the sample absorptions are enhanced relative to those of 
the impurities. The makatite peaks are sharper, so it is clearer that there are two Q3 
signals and chemical shifts (&$ -93.1 and -94.0) can be determined precisely in spite 
of the significant degree of overlap. 
Cross-polarisation might be expected to boost the relative intensities of the 
makatite signals as the efficiency of the process depends on the proximity of suitable 
protons. The decrease in line-width is more surprising and less easy to explain. It is 
possible that the broad single-pulse line-width corresponds to a range of makatite sites 
that are being selectively excited on cross-polarisation. A more likely explanation 
would be to attribute much of the observed single-pulse line-width to overlap with the 
contaminant signal. Cross-polarisation selectively excites the sharper makatite signals. 
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Figure 5.2 A 2 9 S i CP spectrum of makatite (sample mka). 
The two Q 3 signals which are observed in the 2 9 Si NMR spectra of makatite 
(sample mka) may have several causes. They could correspond to two distinct 
makatite silicon species or to a single makatite line and a signal from an impurity. 
The chemical shifts of the two signals indicates unequivocally that these are 
silicon sites of type Q 3. This means that there are three next-nearest neighbour silicon 
atoms only. The silicon atoms are tetrahedral, so there is a spare co-ordination site. It 
is probable that this will be filled by either a hydroxyl group or an oxide ion, with a 
sodium ion to balance the charges. Makatite is hydrated and this water is likely to be 
in a co-ordination sphere around the sodium ion. Thus, there are two plausible types 
of Q 3 silicon atom, (SiO)3Si-OH or (Si0)3Si-O [Na(H20)n]+ and these can be named 
silanol and siloxide, respectively. If the formula of makatite is assumed to be 
Na20:4Si02:5H20, only half of the silicon atoms can be associated with sodium, i.e. 
siloxide atoms. Therefore, the other half must be silanol groups, and the formula can 
be rewritten, (Oi/2)3Si-OH.(0»/2)3Si-ONa(H20)2 Figure 5.3 is an explanatory 
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picture. From a consideration of stoichiometry, makatite might be expected to contain 
silanol and siloxide silicon atoms in a 1:1 ratio. 
O O 
. Si . Si 
O ^ O ^ O 
OH ONa(H 2 0) n 
Silanol Siloxide 
Figure 5.3 Part of a hypothetical makatite layer, to illustrate silanol and siloxide 
Q3 silicon atoms. 
The above paragraph is principally speculation. The ideas can be taken further 
with a consideration of the unit cell of makatite. !6 This was determined by single 
crystal X-ray diffraction, so the positions of Si, Na and O atoms are known and proton 
positions may be inferred. The silicon atoms can be divided into silanol and siloxide 
types with a consideration of the proximity of the nuclei to sodium. This was noted by 
Nesbitt,! who concluded that in each asymmetric unit, three of the silicon atoms were 
close to sodium, while the fourth would be bonded, via oxygen to a proton. The 3:1 
ratio corresponded well with the ratio observed in his 29Si SP spectrum. The smaller, 
silanol peak would be expected to be at a lower frequency than the larger siloxide 
signal, which also corresponded with the observed spectrum. This is an excellent, 
plausible theory, but a 3:1 ratio of siloxide to silanol Q 3 silicon atoms would result in a 
charged unit cell; the previous paragraph shows that a 1:1 ratio would be necessary for 
charge balance. To make the theory work an extra proton must be added to one of the 
silicon atoms which are bonded to sodium, via oxygen. Exchange is possible over the 
NMR time-scale, and this proton might spend its time equally over the three silicon 
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atoms. To represent this, the formula for makatite might be written as (0>/2)3Si-
OH.(Oi/2)9(Si-0)3H[Na(H20)n]2 Figure 5.4 provides an explanatory diagram. 
/ Silicate Layer 
Na(H 2 0) n 
Silicate Layer 
Figure 5 .4 A schematic diagram of the known structure of makatite. Triangles 
represent SiC»4 polyhedra. Out of four silicon atoms, three will be 
associated with sodium ions, while one is capped by a hydroxyl group. 
As it stands, the structure is negatively charged and an extra proton 
must be added somewhere. 
The makatite 2 9 S i CP spectrum in figure 5.2 was obtained with a transmitter 
frequency of 39.76 MHz and an acquisition time of 30 ms. Under these conditions, 
there are only two resolvable lines. However, four lines are seen if a longer acquisition 
time or a higher magnetic field is used. Figure 5.5 shows a 59.58 MHz 2 9 S i CP 
spectrum of makatite (sample mka), obtained using the Varian Unity Plus 300 
spectrometer, equipped with a Doty MAS probe and 7 mm zirconia rotors. Forty-
eight transients were used to acquire this spectrum with a recycle time of 10 s, a 
contact time of 3 ms and a spinning rate of 3.5 kHz; the acquisition time was 100.2 ms. 
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The spectrum contains four signals at 8si -92.1, -92.6, -92.9 and -93.7. These 
can be assigned to the four silicon atoms in the asymmetric unit of makatite. This is 
good evidence that the earlier assignments of Nesbitt were correct. In a less well-
resolved spectrum, the three high-frequency lines give a single signal. 
V 
'\P~J\l ' / \ / V W \ -J 
80 82 84 86 88 90 92 94 96 100 102 104 
6si / ppm 
Figure 5.5 A 59.58 MHz 29Si CP spectrum of makatite (sample mka). 
Schwieger et al. studied the ion-exchange properties of makatite.3 Since, their 
makatite SP and CP spectra contained a single Q 3 line, it is possible that the makatite 
spectrum observed here also contains a single makatite peak. The other sharp peaks 
could all come from impurities. This is not unlikely, since this sample is certainly 
contaminated. The resolution of the Schwieger et al. spectrum would be expected to 
be lower as it was acquired with a spectrometer frequency of 12 MHz; the line-width 
was ca. 50 Hz (= 4 ppm). Additionally, the quality of the sample must be doubted as 
the 29Si SP spectrum includes an intense peak at 8si -107, from contaminating Q 4 
silicon atoms. It should be emphasised that these are the only known 29Si NMR 
spectra of makatite and both samples are impure. 
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In conclusion, a high-quality makatite 29Si CP spectrum has been acquired 
with four distinct lines. This is better resolution than has been achieved by previous 
authors. The four lines can be assigned to the four silicon sites in the crystallographic 
asymmetric unit. However, this is the only reported makatite 29Si NMR spectrum 
with multiple Q3 lines. The sample was impure and contamination could be 
responsible for the presence of some of the signals. A 29Si CP variable contact time 
experiment provides further information, see section 7.3.2. 
5.1.5 Kanemite 
Three samples of kanemite were available for study in this work, and 29Si 
NMR spectra have been obtained for all of them. Figure 5.6 shows 29Si CP spectra 
for samples kna and knc. The spectra were obtained with the CXP200 and CMX200 
spectrometers, using standard cross-polarisation pulse-sequences, DURHCPMA and 
cpflip, respectively. The former was used for sample kna and it was equipped with a 
Doty MAS probe and 7 mm zirconia rotors. The spectrum was acquired with 2000 
transients, a recycle delay of 3 s, a contact time of 1.5 ms and a spinning rate of 2.5 
kHz. The latter was used for sample knc with the same probe and rotors. The 
spectrum was acquired with 512 transients, a recycle delay of 3 s, a contact time of 
2 ms and the spinning rate was 2 kHz. Table 5.3 lists chemical shifts and line-width 
details for the two spectra in figure 5.6, together with values from a spectrum of 
sample knb (not shown), which was very similar to the spectrum of sample knc. 
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105 100 95 90 
Figure 5.6 Representative 2 9 S i CP spectra for two kanemite samples: a) sample 
knb and b) sample kna. The spectra were acquired with different 
spectrometer software, but an attempt has been made to make the scale 
of the top spectrum correspond to the plotted scale. This has been 
successful to within ±2%. 
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Silicate Sample Pea 
8si / ppm 
ik 1 
Avi/Hz 
Pea 
8si/ppm 
Jc2 
A ^ / H z 
Kanemite kna -96.0 50 -97.6 40 
Kanemite knb -97.7 40 
Kanemite knc -97.6 40 
Table 5.3 Chemical shifts and full peak-widths at half height for 29Si CP spectra 
of three kanemite samples. 
The spectrum of sample kna contains two lines and it is similar to the SP 
spectrum in figure 5.1. The spectra of samples knb and knc contain single lines, with 
the same chemical shift and line-width as the low-frequency signal in the spectrum of 
sample kna. Therefore, it can be assumed that the silicon species responsible for the 
low-frequency signal in the spectrum of sample kna is responsible for the single signal 
in the other spectra. The extra line in the former spectrum must respond to a different 
silicon species. The presence of two lines can not be due to slower exchange or better 
spectral resolution, which would result in a broader single line with an average 
chemical shift. 
It appears that the 2 9 S i NMR spectrum with two Q3 signals is atypical of 
kanemite. This becomes more obvious when other reported kanemite spectra are 
considered. Yanagisawa et al.11 and Pinnavaia et alA% have reported spectra with 
lone signals at 8si -97.2 and -101, respectively; the apparently erroneous chemical 
shift is typical of this Pinnavaia et al. reference. A kanemite spectrum has also been 
reported by Nesbitt.l This does contain two signals, but it is almost certainly the same 
sample that has been analysed in this work. 
Identifying the species responsible for the extra peak would be worthwhile. 
Nesbitt extrapolated his conclusions for makatite to kanemite. However the makatite 
and kanemite spectra obtained in this work differ in the relative intensities of the two 
signals. In kanemite, the low-frequency signal is more intense than the high-
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frequency signals, whereas the opposite is true for makatite (at 39.76 MHz, with a 
short acquisition time). If the theory of Nesbitt is rejected on these grounds, 
alternative theories must be considered. Split Q 3 signals have been observed in a few 
other silicate samples, arousing some interest. Rocha and Klinowski reviewed 
previous literature assignments for the two equally intense lines in pure (low Iron(III) 
content) kaolinite 2 9 S i NMR spectra.19 The splitting could be caused by the presence 
of two crystallographically distinct sites,20 hydrogen-bonding effects,2 1-2 2 Si-Al 
interactions between adjacent layers or 2 9 S i - 2 7 A l scalar coupling, as with albite.23 
The latter two reasons are unlikely in kanemite, but the presence of aluminium as a 
contaminant should not be dismissed- Borbely et al. observed a shoulder in an 
octosilicate Q 3 peak and assumed that this was due to aluminium replacement around 
Q 4 silicon atoms, (SiO^Si-OAl. 2 4 Thomson showed that interlayer hydrogen-
bonding might give two-equally intense lines if the bond is asymmetric.21 
In summary, the 2 9 S i NMR spectrum of kanemite has a single line. However, 
an extra signal is seen in a single kanemite sample and finding a plausible reason 
would be worthwhile. Some enlightenment has been provided by iH MAS NMR and 
some 2 9 S i CP experiments, (see sections 5.2.3 and 7.3) 
5.1.6 Octosilicate 
Three octosilicate samples were available for study in this work. A 
representative spectrum is shown in figure 5.7. Octosilicate (sample occ) was 
analysed using the CMX200 spectrometer equipped with a Chemagnetics HX probe 
and 7.5 mm zirconia Pencil rotors. The spectrum was acquired with 800 transients, a 
recycle time of 2 s, a contact time of 2 ms and a spinning-rate of 2 kHz. Chemical 
shifts and line-widths for this spectrum and very similar spectra of the two other 
available samples (not shown) are listed in table 5.4. 
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Figure 5.7 A 29Si CP spectrum of octosilicate (sample occ). 
Q3 Q4 Sample 
dsi/ppm Ai / i /Hz 5si/ppm Ai^/Hz 
100.2 37 111.6 39 oca 
100.2 26 111.5 ocb 19 
100.3 31 111.5 18 occ 
Table 5.4 Chemical shifts and full peak-widths at half-height for three 
octosilicate samples. The spectrum for sample occ is displayed in 
figure 5.7. 
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Table 5.4 shows that the spectrum of octosilicate (sample occ) is truly 
representative of the other two samples available for study in this work. All the 
spectra consist of two signals, which can be confidently assigned to silicon atoms of 
types Q3 and Q 4. The Q3 signals tend to be broader and have a larger peak area. Both 
these observations can be explained with respect to the strength of the heteronuclear 
dipolar interaction between 2 9 Si and !H. Silicon atoms of type Q3 will have closer 
protons: they will either be two bonds away from a silanol proton, =§i-OH, or near 
hydrated water protons, =Sj-ONa(H20)n. The strength of any 29Si,lH interactions 
decrease greatly with distance. Therefore, cross-polarisation will be more efficient for 
the Q3 silicon atoms, but dipolar line-broadening will be more severe. 
The sharpness of the lines in all the octosilicate spectra studied in this work 
should be emphasised. The line-widths are much smaller than those of the other 
layered sodium polysilicate hydrates. Some variation is observed from sample to 
sample and between CP and SP spectra and this can probably be attributed to 
variations in decoupling efficiency or possibly FID-truncation. 
Several other authors have reported 29Si NMR spectra for octosilicate. The CP 
spectrum of Borbely et alM contained a low-frequency shoulder to the Q3 line, which 
was attributed to the presence of aluminium impurities. No such shoulders have been 
found for the three samples in this work. 
In summary, three octosilicate samples were available for this work. They all 
give 29Si spectra with two sharp lines that can be assigned to Q3 and Q 4 silicon sites. 
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5.1.7 Magadiite 
Six magadiite samples were available for study in this work. A representative 
spectrum is shown in figure 5.8. Magadiite (sample mgf) was analysed using the 
CXP200 spectrometer equipped with a Doty MAS probe and 7 mm zirconia rotors. 
The spectrum was acquired with 9000 transients, a recycle time of 2s, a contact time 
of 2 ms and the spinning-rate was 4 kHz. Chemical shifts and line-widths for this 
spectrum and for 29Si CP spectra of the other five samples (not shown) are listed in 
table 5.5. 
LA 
8si / ppm 
* • 1 • * • • 1 * « • » 1 » • ' ' 1 • • • • 1 '« • • • 1 • • 
- 8 0 - 9 0 - 1 0 0 - 1 1 0 - 1 2 0 - 1 3 0 
Figure 5.8 A 29Si CP spectrum of magadiite (sample mgf). 
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Sample c 
5si/ppm 
! 3 
Avi/Hz 
C 
5si / ppm / Hz 
mga -99.4 59 -109.7 
-111.5 
-114.1 
44 
37 
39 
mgb -99.5 71 -110.0 
-111.5 
-114.2 
t 
mgc -99.6 63 -109.9 
t 
-113.8 
-60 
-80 
mgd -99.3 75 -110.1 
-111.5 
t 
t 
mge -99.6 64 t 
-111.1 
-114.2 
t 
mgf -99.7 60 -110.6 
-111.5 
-114.2 
Table 5.5 Chemical shifts and full peak-widths at half-height for six magadiite 
samples. The spectrum for sample mgf is displayed in figure 5.8. 
^Resolving the Q 4 regions in some of these spectra was difficult. 
Therefore, selective chemical shifts and peak-widths are listed. 
The Q 3 chemical shifts listed in table 5.5 tend to be fairly consistent. Any 
variation is certainly less than that observed among the many reported magadiite 29Si 
spectra (table 3.1). Therefore, this variation can be attributed to the different 
referencing methods that various workers have used rather than real sample variation. 
The data in table 5.5 have been obtained from CP experiments at contact times which 
favour the Q3 signals. Correspondingly, there is some uncertainty in the values for the 
Q 4 chemical shifts. 
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Magadiite peaks tend to be broader than those in octosilicate. The line-widths 
are fairly important in determining the resolution that can be seen in the Q 4 region of 
the spectrum. The spectrum of sample mgf, figure 5.8. is fairly representative, but the 
resolution observed in sample mga was quite exceptional- better than anything 
previously reported in the literature. Figure 5.9 is a 59.58 MHz spectrum of this 
sample, acquired with the VXR300 spectrometer. 
1 I 
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Figure 5.9 A very high-resolution magadiite 2 9 Si CP spectrum. Sample mga 
acquired using the VXR300 spectrometer. The spectrum was acquired 
with 100 transients, a recycle time of 0.5 s and a contact time of 8 ms, 
with a spinning rate of 4.96 kHz. 
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All the 2 9 Si NMR magadiite spectra in this work have contained a single Q3 
signal. Nesbittl reported a second Q3 site, which became visible in the 29Si CP 
spectrum at high contact times- the main peak was assigned to sSi-OH, while the 
shoulder was assigned to =Si-0-Na(H20)x. Attempts to repeat this result were 
unsuccessful in this work. 
In summary, six magadiite samples have been studied in this work. Their 
spectra are all fairly similar. Though there is some variation in the measured chemical 
shifts, the values are more consistent than those reported in the literature. The Q 4 
resolution observed for sample mga is quite exceptional; it is this sample which will be 
used for the more elaborate 29Si cross-polarisation experiments which are described in 
chapter 7. 
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5.1.8 Kenyaite 
A 29Si single-pulse study of kenyaite was worthwhile since the Q3:Q4 ratio for 
this sample is unknown. Two kenyaite samples were available for this work. Sample 
kya was not particularly useful- it gave broad 29Si SP lines (figure 5.1), a poor 29Si 
CP spectrum and was visibly contaminated, i.e. green. Cross-polarisation was also 
unsuccessful for the "kenyaite-like structure", prepared by Schwieger et all However, 
sample kyb gave sharper 29Si SP lines, successful 29Si CP and was a white powder. 
Figure 5.10 shows 29Si SP and CP spectra for kenyaite (sample kyb). Both 
were acquired with the CMX200 spectrometer, equipped with a Chemagnetics HX 
probe and 7.5 mm zirconia Pencil rotors. Standard pulse programs were used to 
acquire the decoupled single-pulse and cross-polarisation spectra: lpda and cpflip, 
respectively. The former spectrum was acquired with 880 transients, a recycle time of 
60 s and a spinning-rate of 2.01 kHz. The latter was acquired with 632 transients, a 
recycle time of 2 s, a contact time of 3 ms and a spinning rate of 2.01 kHz. Chemical 
shift and line-width details for these spectra are listed in table 5.6. 
Experiment C 
6si/ppm 
3 
Ai£ / Hz 
Q 
5si / ppm 
•4 
Ai^/Hz 
Single-Pulse -99.4 66 -107.7 
-110 
-111.1 
-113.2 
-118.5 
47 
sh$ 
-60 
63 
-60 
Cross-Polarisation -99.4 75 -107.7 
-109.6 
-111.2 
-113.4 
75 
-60 
-60 
-60 
Table 5.6 Chemical shifts and full peak-width at half height for 29Si SP and CP 
spectra of kenyaite (sample kyb). $ shoulder. 
5.1 Silicon-29 NMR Page 92 
osi / ppm 
I 1 1 1 1 I I I i l l i l l 1 1 1 1 I I I I I I I I i 90 95 100 105 110 115 120 
Figure 5.10 Kenyaite 29Si MAS spectra (sample kyb): a) single-pulse; and b) cross-
polarisation. 
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These results can be compared with those of Nesbitt,1 who analysed three 
kenyaite samples, one of which gave high-quality 29Si NMR spectra. An interesting 
result from his work was that the high-frequency Q 4 line, 8si -108.2, gave no signal on 
cross-polarisation with a contact time of 2 ms; this signal was assigned to a silicon site 
within the silicate layer with no neighbouring protons for cross-polarisation. Sample 
kyb has a similar spread of Q 4 chemical shifts as the Nesbitt sample, but the low-
frequency line, 8si -107.7, gives a cross-polarisation signal. In this work it is the 
small, high-frequency, 8si -118.5, line which gives no signal on 29Si CP. 
Sample kyb was chosen for an attempt to estimate the Q3:Q4 ratio in kenyaite. 
Dailey and Pinnavaia25 and Heidemann26 have determined the Q3:Q4 ratio for 
magadiite. In both cases, the authors determined 29Si spin-lattice relaxation times 
using inversion-recovery experiments before obtaining an unsaturated 29Si SP 
spectrum with a recycle delay of five times the largest Ti-value. Such an experiment 
is a formidable undertaking in terms of spectrometer time (Heidemann took one 
month). Faster methods of determining Ti-values are available: the cross-polarisation 
method of Torchia, for example.27 However, an approximate Q3;Q4 ratio can be 
determined by measuring the apparent value at different settings of the recycle delay. 
As the delay is increased, the spectra will become progressively less saturated and the 
measured value will get more accurate. 
Single-pulse spectra for sample kyb were obtained using the CMX200 
spectrometer with four values for the pulse delay. For each FED, 64 transients were 
acquired and the spinning rate was ca. 2 kHz. The spectra were given the same 
fourier-transformation, phasing and baseline-correction and the areas of the Q3 and Q 4 
absorptions were determined with the interactive integration routine of the CMXW 
spectrometer software. These areas are listed in table 5.7 and the results provide 
reasonable evidence that the ratio of Q 4 sites to Q3 sites in kenyaite is as much as 5. 
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Recycle Time / s Q3 Area Q 4 Area Ratio 
5 5.80 16.37 2.82 
45 15.18 48.73 3.21 
120 17.10 64.84 3.79 
750 20.98 100.00 4.77 
Table 5.7 Integrated areas from 4 kenyaite (sample kyb) spectra with varying 
recycle delays. 
In summary, a single high-quality kenyaite sample was available for this work. 
The SP and CP spectra both contained a single Q3 line and several of type Q 4. Some 
selectivity was observed on cross-polarisation, but not that reported by Nesbitt. The 
site-ratio has been determined approximately. It appears the ratio of Q 4 sites to Q3 
sites is 5:1. 
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5.1.9 The Effect of Drying Kanemite, Magadiite and Octosilicate 
In this research, sample-dehydration has been used as a technique to obtain 
better-resolved 1H MAS spectra and selective cross-polarisation mechanism results 
(see section 6.2 and chapter 7). Dried sample spectra have been obtained by storing 
and packing samples in a dry-box before immediate acquisition. The dry-box 
contained oxygen-free nitrogen circulating through P2O5 and Molecular Sieve 3A 
columns; relative humidity was <5 %. Because dehydration could have been a 
destructive process, it has generally been used where large quantities of sample were 
available. This was not the case for makatite or kenyaite. 
The effect of this treatment can be investigated by comparing the 2 9 Si NMR 
spectra of samples before and after drying. Such spectra of representative kanemite, 
magadiite and octosilicate samples are shown in figure 5.11. 
The spectra were acquired with the CXP200 spectrometer, equipped with a 
Doty MAS probe and 7 mm zirconia rotors. Spectra were acquired at the natural state 
of sample-hydration and after drying. A constant spinning-rate of 2.5 kHz was used 
for all these determinations; other experimental parameters are listed in table 5.8. The 
spectra are shown in figure 5.11. Chemical shift and line-width information may be 
found in table 5.9. 
Silicate Sample Hydration Number of Recycle Contact 
Transients Time / s Time / ms 
Kanemite knc Undried 200 2 1 
Dried 1864 5 2 
Octosilicate occ Undried 10653 5 0.75 
Dried 200 6 2 
Magadiite mgc Undried 7000 1 0.8 
Dried 450 8 4.5 
Table 5.8 Experimental Parameters for 29Si CP spectra of representative 
kanemite, octosilicate and magadiite samples, before and after drying. 
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Figure 5.11 Silicon-29 CP spectra of three layered sodium polysihcate hydrates 
before and after drying: a) kanemite (kna); b) dried kanemite (kna); c) 
octosilicate (ocb); d) dried octosilicate (ocb); e) magadiite (mgc); and 
0 dried magadiite (mgc). 
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Silicate 
(sample) 
Hydration Q 
5si / ppm 
13 
A%/Hz 
c 
8si/ppm 
A 
Avi/Hz 
Kanemite 
(knc) 
Undried -97.6 40 
Dried -95.3 59 
Octosilicate 
(ocb) 
Undried -100.2 26 -111.5 19 
Dried -96.0 90 -109.5 110 
Magadiite 
(mgb) 
Undried -99.6 63 -109.9 
-113.8 
-60 
-80 
Dried -98.4 43 -109.4 
-111.1 
-114.0 
-50 
-50 
-80 
Table 5.9 Chemical shifts and full peak-widths at half height for 29Si CP spectra 
of kanemite, octosilicate and magadiite samples, before and after 
drying. The Q 4 signals for magadiite were small, so the line-widths 
were difficult to measure. 
The first point that should be emphasised regarding these results is that the 
spectra do change as samples are dehydrated. For kanemite and octosilicate this 
involved a considerable shift to higher frequencies and broadening of the lines. With 
magadiite the changes are less dramatic. 
At their natural state of hydration, the structures of these silicates will be stable 
and regularly arranged. Removing water will distort the silicate layers: bond angles 
and bond-lengths will change affecting the shielding around each silicon atom. 
Therefore, the chemical shift would be expected to change. The increase in line-
widths might indicate that the distorted water-free structures are less regular- a wider 
range of shielding environments will broaden any lines. Structurally, magadiite is 
expected to have a thicker silicate layer than octosilicate or kanemite. This might 
distort less with changes in the interlayer species. Therefore, it is understandable that 
the 29Si spectrum changes less on drying. 
The important conclusion from these experiments is that the spectra of the 
dried species are similar to the those of the natural samples- the kanemite octosilicate 
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and magadiite spectra still contain one, two and several signals, respectively. 
Additionally, the changes are reversible. Therefore no gross structural changes have 
taken place with dehydration, and relating the results of further 1H MAS or 29Si CP 
experiments on dried samples to the layered sodium polysilicate hydrates in their 
natural state of hydration would be correct. 
5.2 Hydrogen-1 NMR Spectra 
5.2.1 Introduction 
This section includes 1H MAS spectra for the layered sodium polysilicate 
hydrates. In many cases, high-resolution spectra have been obtained, yielding 
important structural information. Such spectra have not been previously reported, 
though some less-informative CRAMPS and wide-line 1H spectra were included in the 
work of Nesbitt1 and Rojo et a/.,28 respectively. The proton species in the layered 
sodium polysilicate hydrates are of considerable importance. Many potential uses, 
such as catalysis or ion-exchange activity, depend on their nature. The aim of the 
work in this section is to obtain as much information as possible using 1H NMR. 
In general, mineral proton species can have many different forms.29 Stoichio-
metric hydroxyl groups, water molecules and hydroxonium ions can form part of a 
crystal structure, while adsorbed water can also be present on the surface, in crystal 
faults or in macroscopic fluid inclusions. Additionally, Bronsted acid sites are 
important in aluminium-containing zeolites. 
Makatite is known to contain molecular water and hydroxyl protons only. 16 
Though single-crystal X-ray diffraction provides no proton information, the presence 
of these species can be inferred from the positions of oxygen atoms. Aqueous protons 
must be bonded to the water oxygens, H?Q. while silanol protons cap some of the 
terminal oxygens, =Si-OH. A consideration of stoichiometry indicates that silanol and 
water protons are also likely to be present in the other layered sodium polysilicate 
hydrates. In each case, their soda: silica:water formulas can be re-written in the form 
of a sodium hydrogen silicate hydrate. For example, in magadiite, Na20:14SiC>2: 
IOH2O is equivalent to Na2H'2Sii4029.9H"20, where protons H' and H" represent 
silanol and water species, respectively. 
Static !H NMR spectra of the layered sodium polysilicate hydrates tend to be 
broad, giving little information. However, as with many minerals, magic angle-
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spinning can give well-resolved spectra to yield structurally significant information. 
The work in this section includes *H MAS NMR spectra for the layered sodium 
poly silicate hydrates. In some cases the resolution is further improved by careful 
sample-drying. Chemical shifts can be related to the types of species present, while the 
extent and shape of any spinning side-band manifolds can provide further information 
regarding the mobility and isolation of the proton species, together with a confirmation 
of the peak assignments. 
Though NMR spectroscopy has proved an excellent method for investigating 
the layered sodium polysilicate hydrates, some supporting analysis is necessary. The 
water-content of a sample can be estimated by thermogravimetric analysis (TGA). 
Thus, the efficiency of the drying procedure can be measured. 
5 .2 .2 Assignment of Proton Species in 1H NMR Spectra 
Engelhardt and Michel tabulated chemical shift ranges for zeolites.4 The list 
assigns small chemical shift ranges to different proton types and implies that 8H might 
be as instantaneously informative as Ssi in the solid-state NMR of silicates and zeolites. 
The table includes species of no relevance to this work, such as ammonium ions and 
bridging hydroxo-groups, NH4+ and Si-OH-Al, respectively, but it does limit the 
chemical shift range of terminal (silanol) protons, Si-OH, to between 8H 0.5 and 2. 
Yesinowski et al. showed that this is not necessarily the case with a high-resolution 1H 
MAS NMR study of several minerals, principally silicates.29 In their work there was 
considerable overlap between the ranges of -Si-OH and H2O absorption. Hydroxyl 
groups gave spectra with isotropic chemical shifts of between § H 0.7 and 4.3, while the 
silicate analcite, NaAlSi206.H20, contains stoichiometric water and had a chemical 
shift of 8H 3 .1. 
Though the *H chemical shift is not an absolute indicator of proton type, 
spinning side-band patterns and other factors can aid assignment. Side-bands tend to 
be more extensive for water protons, when relatively immobile, with a characteristic 
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dip in signal intensity at the isotropic chemical shift (the manifold can have the 
appearance of a "Pake-doublet"). Eckart et a/.30 deconvolved the 1H MAS spectra of 
silicate glasses by fitting the side-band intensities as the sum of the patterns for two 
model compounds: tremolite, Ca2Mg5Sig022(OH)2, and analcite, NaAlSi2C>6.H20. 
Kohn et al. used 1H MAS NMR to study proton species in several hydrous silicate 
glasses.31 Some of the spectra were very complex, but the authors managed to assign 
the signals to aqueous and hydroxyl proton species by consideration of chemical 
shifts, line-widths and spinning side-band spread. The 3.3 ppm chemical shift of 
suprasil, which contains protons solely as SiOH, was used as evidence for assigning 
low-frequency signals to silanol protons. With an additional consideration of line-
widths, this evidence was used to assign hydrous silicate glass spectra with water 
peaks at 8H 4.2,4.5 and 4.7 and silanol peaks at 8H 3.1, 3.2 and 4.3. The assignments 
seemed reasonable when compared with 29Si NMR results. In the same study, spectra 
were acquired for various hydrous alkali and alkaline earth disilicate glasses. These 
contained two isotropic signals: lines at ca. 8H 4 with extensive spinning side-bands 
were assigned to water protons, while the other signals at 8H 11 to 17 were assigned to 
strongly hydrogen-bonded protons. 
Proton chemical shifts are a good measure of the strength of hydrogen-bonding 
for an oxygen-bound proton. Experimental and theoretical33 studies have shown 
that there is a linear relationship between 5H and the oxygen-oxygen bond distance, 
d(0-H—O). A short distance equates to strong hydrogen-bonding and a high isotropic 
chemical shift. Equation 5.4 was derived by Eckart et a/30 from what they 
considered to be all the known trustworthy data; this covered a chemical shift range of 
8H 0-20 and a bond distance range of 240-310 pm. 
8 H = 79.05 - 0.255.d(O-H-O)/pm Eq. 5.4 
Many silicates with strongly hydrogen-bonded protons have been reported. 
Rosenberger, Grimmer and co-workers studied the acid and basic hydroxyl groups in a 
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series of alkaline earth metal silicates using multiple-pulse 1H NMR techniques 
(WAHUHA and WAHUHA with magic-angle spinning).34,35,36 The acid species in 
CaNaHSi04 and BaH2Si04 exhibited chemical shifts of 8H 12.7 and 12.3, 
respectively. The O-H - 0 distances of these strongly H-bonded species are 2.53 to 
2.55 A - much shorter than the distances of the basic hydroxyl species they studied 
(d(0-H-O) > 3 A, 5H 2 to 4.1). Pectolite, NaCa2Si30g(OH), was one of the minerals 
studied by Yesinowski et al.29 The isotropic chemical shift, SH 15.8, corresponds to a 
strongly hydrogen-bonded proton with a short oxygen-oxygen distance- equation 5.4 
predicts a value of 248 pm, which is very close to that determined by diffraction 
methods. The puckered layered silicate, KHSi20s is related to kanemite.37 Two 
authors have published 1H MAS NMR spectra of this silicate: Deng et a/.38 obtained a 
spectrum including a signal at 5H 15.58 while Millar and Garces39 reported a signal at 
8H 16.2. The protons in KHSi20s lie between silicate layer oxygen atoms separated 
by 2.489 A/W and substituting this value into equation 5.4 gives the exact chemical 
shift that was reported by Deng et al. Kummerlen et al. studied 2 9 Si CP character-
istics of three sodium silicate glass samples.4l These were found to contain strongly 
H-bonded protons- 1H CRAMPS spectra contained signals at 8H 12.0. Kohn et al. 
reported peaks at 8H 12 and 17 for the alkali or alkaline earth disilicate glasses, 
Na2Si2C«5.H20(7.8 wt%) and Sr2Si20s.H20(4.7 wt%), respectively; a similar signal 
was found in Ba2Si20s.H20(3.2 wt%). Finally, Engelhardt and co-workers have 
reported high-frequency *H chemical shifts in the hydrosodalite, Nag[SiA104]6(OH)2. 
2H2O, which contains an H3O2- ion.42,43 The ion, [HO...H...OH]-, has terminal and 
central protons which gave signals at 8H -0.1 and 8H 16.3, respectively. 
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5.2.3 Makatite and Kanemite 
A single makatite sample was available for this work. The spectrum of this 
sample can be compared with those of two kanemite samples. The work has been 
carried out at two spectrometer frequencies and the spectrum of a carefully-dried 
kanemite sample has also been acquired. 
Proton MAS spectra of the makatite and kanemite samples were acquired 
using the VXR300 spectrometer, equipped with a Doty MAS probe and 7 mm zirconia 
rotors. The spectrometer was tuned to give a 90° pulse-duration of 4 jis. Adequate 
pulse-durations, recycle delays and acquisition times were used to avoid truncation of 
the FID's or saturation of the spectra. All spectra were acquired with a standard 
single-pulse sequence; table 5.10 lists further experimental details. These spinning 
rates will give side-bands at ca. 17 ppm from the centre-bands. Figure 5.12 displays 
the spectra, while chemical shifts and line-widths are listed in table 5.10. Baseline-
correction has been used to improve the appearance of the spectra. 
Sample Label Number of 
Transients 
Pulse-
Duration 
1° 
Acquisition 
Time 
/ms 
Spinning 
Rate 
/kHz 
Makatite mka 1000 90 9.9 4.9 
Kanemite kna 1000 90 19.8 4.9 
Kanemite knb 500 68 9.9 4.85 
Table 5.10 Experimental details for the spectra in figure 5.12. 
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Figure 5.12 Three 300 MHz 1H MAS NMR at a spinning rate of ca. 5 kHz: a) 
Makatite (mka); b) Kanemite (kna); c) Kanemite (knb). 
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Similar experiments were attempted using a spectrometer frequency of 
200 MHz. The resulting spectra were broad, featureless and indistinguishable from 
the background absorption, even at spinning rates of 4-5 kHz. However, the spectrum 
of carefully-dried kanemite (sample knc) is interesting. It was acquired using the 
CXP200 spectrometer, equipped with a Doty MAS probe. The sample was packed in 
a 7 mm zirconia rotor with a close-fitting kel-F end-cap. Sixty-four transients were 
acquired with a recycle time of 1 s; the spinning rate was 4 kHz. The spectrum is 
shown in figure 5.13. 
' • ' i — i i 
200 100 0 -100 -200 
§H / ppm 
Figure 5.13 A 200 MHz *H MAS spectrum of dried kanemite (sample knc). 
Spinning side-bands are identified by circles (Sjso = 15.5 ppm) and 
crosses (SjSo = 6.7 ppm). 
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Silicate Sample 8H / ppm Ai/ 2/Hz 
Makatite mka 5.8 1000 
Kanemite kna 14.8 2000 
5.1 2000 
1.2 50 
Kanemite knb 14.4 2000 
4.8 3000 
Table 5.11 Proton chemical shifts and line-widths (full-widths at half height) for 
makatite and two kanemite samples (Transmitter frequency = 
300 MHz). Weak, sharp peaks have been ignored. 
Assigning the makatite spectrum is straightforward as there is only one 
significant signal. This corresponds to silanol and aqueous proton species that are 
exchanging rapidly over the time-scale of the NMR experiment. This exchange must 
be less significant with the two kanemite samples as more than one peak is observed, in 
each case, at 300 MHz. Both samples contain a peak around 5H 15, attributable to 
strongly hydrogen bonded protons. There is a much larger signal at 8H 5, which can 
be assigned to water protons. The relative intensities of the peaks are consistent with 
the known formula of kanemite, NaHsii Si205.3(Haq.)20, where there are six water 
protons per silanol. The water protons have a more extensive manifold of spinning 
side-bands than the silanol protons- the theoretically-predicted and experimentally-
observed trend described by Yesinowski et all? Therefore, it is likely that the peak 
assignments are correct. There is an additional signal in the spectrum of kanemite 
(sample kna), with a chemical shift that is typical of non-H-bonded silanol protons. 
This line is appreciably sharper than the others in the spectrum; the relevant proton 
species must experience weaker line-broadening interactions than the other species. 
This kanemite sample has a 2°si NMR spectrum with two signals whereas the 
spectrum of the other sample (knb) has only one. Chapter 7 includes lH,29Si 
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correlation experiments, which provide further information regarding the differences 
in the 1H spectra of these samples. 
The spectrum of dried kanemite (sample knc) contains isotropic signals at 8H 
15.5 and 6.7, corresponding to hydrogen-bonded and water protons, respectively. 
Since these are weak signals, there is a significant background contribution which is 
responsible for the curved base-line and a sharp line at 5H 1.2. The H-bonded proton 
signal has three pairs of spinning side-bands, which get weaker with their separation 
from the centre-band. Approximately ten pairs of spinning side-bands are visible for 
the water proton, covering about 80 kHz. Since the most intense lines are observed at 
20 KHz from the centre-band, the spinning side-band manifold would have the shape 
of a Pake doublet. The reason for such a shape will be further discussed with respect 
to the !H MAS spectra of octosilicate (see section 5.2.4). 
A strong magnetic field, corresponding to a spectrometer frequency of 
300 MHz, was necessary for the acquisition of resolved spectra. It can be assumed 
that the peaks at 200 MHz were too broad for detection, indicating that the line-widths 
decrease as the magnetic field increases. Yesinowski et al!2^ observed that such 
behaviour could occur for protons with strong dipolar coupling to nuclei experiencing 
second order quadrupolar interactions (27 Al was cited as an example; in this case the 
nuclei would be 23Na, where second-order effects are observed with these samples). 
Since 2 3 Na CP signals are observed for both makatite and kanemite, there must be 
some lH,23Na dipolar coupling. 
In summary, at a spectrometer frequency of 300 MHz, only one !H MAS 
signal is observed with makatite, corresponding to rapidly exchanging silanol and 
water protons. More signals are observed in kanemite 1H MAS spectra, including a 
high-frequency resonance that is typical of strongly hydrogen-bonded protons and a 
signal that can be assigned to water. An extra peak is visible at ca. 5H 1 in a single 
kanemite sample. Apart from a dried kanemite sample, 200 MHz spectra were broad 
and featureless. 
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5.2.4 Octosilicate 
During the course of this work many octosilicate lH MAS spectra have been 
acquired under conditions of ambient temperature, a readily achievable spinning rate 
and normal sample-hydration. In this section, a representative spectrum of this sort 
will be compared with spectra acquired at a lower temperature, with faster sample-
rotation and after careful drying. The results will be used to characterise and quantify 
the proton species in octosilicate. 
Figure 5.14 shows four octosilicate 1H MAS spectra. These were acquired 
with four probes, three spectrometers and two samples: the VXR300 spectrometer had 
a variable-temperature facility; spinning rates of up to 18 kHz were possible with a 
Chemagnetics HF probe; and the 7 mm zirconia rotors for a Doty MAS probe had 
close-fitting end-caps which were ideal for testing dried samples. Experimental 
details are listed in table 5.12. Chemical shift, line-width, and peak integration 
information is listed in table 5.13. 
Spectrum Sample Spectro-
meter 
Probe 
Rotor 
Freq. 
/MHz 
Number 
of 
Transients 
Recycle 
Delay 
/s 
Spinning 
Rate 
/kHz 
Standard occ CMX200 HX 
7.5 mm 
200.13 32 2 4.00 
High-
Speed 
occ CMX200 HF 
4 mm 
200.13 8 2 16 
-60 °C ocb VXR300 Doty 
5 mm 
299.949 256 0.5 8.43 
Dried 
Sample 
ocb CXP200 Doty 
7 mm 
200.13 16 3 4 
Table 5.12 Hardware details and acquisition parameters for octosilicate 1H MAS 
spectra. 
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FigureS. 14 Four octosilicate 1H MAS spectra: a) undried sample occ, ambient 
probe temperature, 4 kHz spinning rate; b) undried sample occ, 
ambient probe temperature, 16 kHz spinning rate. It should be noted 
that the spectra are plotted with different chemical shift ranges. 
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Figure 5.14 Four octosilicate 'H MAS spectra (continued): c) undried sample ocb, 
-60 °C, 8.43 kHz spinning rate; d) dried sample ocb, ambient probe 
temperature, 4 kHz spinning rate. It should be noted that the spectra 
are plotted with different chemical shift ranges. 
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Experiment Sample 5 H A* Integration Number of 
/ppm /Hz visible 
Side-Bands 
Standard occ 16.0 260 4 
3.6 390 8 
High-Speed occ 16.0t 220 100.00 0 
3.8t 300 12.86 0 
-60 °C ocb 16.3 1500 2 
3.4 3000 2 
Dried ocb 14.7 120 6 
Sample 3.2 140 20 
Table 5.13 Results of four octosilicate 1H MAS experiments. The table lists 
proton chemical shifts, peak-widths at half height, peak integrals for 
the side-band free spectrum only and the number of visible spinning 
side-bands. tThese peaks were referenced by setting the high-
frequency signal to 16 ppm; all other signals were referenced to TMS 
using secondary references, if necessary. 
The ambient temperature spectrum of an undried sample with a spinning rate 
of 4 kHz (figure 5.14a) is typical of octosilicate; it has been repeated many times for 
three samples with similar results. The spectrum contains two signals at 5H 16.0 and 
3.6. The high-frequency signal corresponds to strongly hydrogen-bonded protons. A 
short oxygen-oxygen distance of 247 pm can be predicted using the linear relationship 
of Eckart et a/.,30 equation 5.4. The integrated ratio of the two signals from the high 
spinning rate spectrum (figure 5.14b) can be used to further assign the strongly and 
weakly H-bonded peaks to hydroxyl and aqueous protons. The structural formula of 
octosilicate can be written as Na2H2SigO20-8H2O with a silanol:water proton ratio of 
1:8; this is very close to the observed ratio of 1:7.78. 
Several spinning side-bands are observed with a spinning rate of 4 kHz for 
octosilicate at ambient probe temperature. In general, side-bands are observed when 
magic-angle spinning partially averages inhomogeneous interactions. In octosilicate, 
such interactions will arise from heteronuclear dipolar coupling to silicon, oxygen and 
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sodium nuclei, while chemical shift anisotropy and the presence of paramagnetic 
impurities might also be significant. Though it generally causes homogenous 
interactions, homonuclear dipolar coupling can also lead to spinning side-bands in 
certain cases.44 
The isotropic line is less intense than the first order side-bands for the water 
signal spinning side-band manifold in the dried octosilicate 1H MAS spectrum. This 
follows the recognisable shape of a Pake doublet, which is typical of samples with 
isolated water molecules- the two protons behave as a two-spin system where the 
dominant interaction is homonuclear dipolar coupling. Such behaviour has also been 
reported for gypsum, CaS04.2H20, and analcite, NaAlSi2O6.H2O.29 The side-band 
manifold for an undried octosilicate sample is less extensive and more regularly 
shaped- the isotropic line is most intense. The water molecules are less isolated in this 
wetter sample and interactions or exchange with protons in other molecules must also 
be significant. 
The spinning side-bands for the octosilicate silanol protons are less extensive 
than for the water protons. The homonuclear dipolar interaction will be weaker 
because the species do not have such close neighbouring proton species. Other 
interactions could be important, such as heteronuclear coupling to sodium or silicon 
and chemical shift anisotropy. In octosilicate, the former is likely- dipolar coupling 
between 29Si or 23Na nuclei and H-bonding protons has been observed by several 
cross-polarisation experiments (see chapter 7). The spinning side-band manifolds of 
the H-bonding protons in octosilicate are typical of species containing protons in 
hydroxyl groups, such as datolite and pyrophillite.29 
Magic-angle spinning is ineffective in narrowing the broad lines observed in 
the -60 °C octosilicate spectrum. The broadening can be attributed to homogeneous 
interactions from homonuclear dipolar coupling which can not be averaged by MAS at 
available spinning-rates. Homonuclear dipolar coupling between two water molecule 
protons is only inhomogeneous if the two spins have equal chemical shift tensors.44 
Though this is not the case for rigid molecules, it is known that water molecules can 
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exchange in gypsum and other crystal hydrates at room temperature.45 This is rapid 
with respect to the NMR time-scale and results in an averaging and equalisation of the 
two spin tensors. This or similar motion must be present at room-temperature for 
octosilicate where MAS is effective, but not at -60 °C. It had been predicted that 
cooling of gypsum would freeze out the motion to give broad lines even under MAS; 2 9 
this behaviour has now been observed with octosilicate. 
In summary, the 1H MAS NMR spectrum of octosilicate contains two signals 
at 5H 16 and 8H 3 .5 which can be confidently assigned to strongly hydrogen-bonded 
protons and water, respectively. The assignment can be confirmed by considering the 
spinning side-band manifolds and the integrated ratios of the two lines as well as their 
chemical shifts. I f a large spinning speed is used, the spinning side-bands disappear 
and the peaks can be integrated accurately to give a ratio that is close to that predicted 
from the formula of octosilicate. The side-band manifolds of the water and silanol 
peaks are typical of spectra obtained from minerals containing solely water species or 
hydroxyl species, respectively. This is particularly true for the water signal in a dried 
sample. 
Two pieces of structural information have been obtained from this study. 
Firstly, a chemical shift of 16 ppm indicates that the oxygen-oxygen distance of the 
atoms surrounding the H-bonding proton must be close to 247 pm. Secondly, the 
water molecules are unlikely to be rigid at room temperature because the relevant 
signal is broken up into spinning side-bands. 
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5.2.5 Magadiite 
In the work described in this section, several 1H MAS spectra of magadiite 
have been acquired. As with octosilicate, the techniques of high-speed MAS and 
sample drying can be used to provide better spectral resolution. 
Five magadiite samples, 2 spectrometers and three probes have been used in 
this work. Spectra have been acquired for sample mga at spinning rates of 4 kHz and 
15.5 kHz, using the CMX200 spectrometer with Chemagnetics HX and HF probes, 
respectively. Both probes use zirconia Pencil rotors with outside diameters of 7.5 mm 
(HX) and 4 mm (HF). Four samples (mgb, mgc, mge and mgf) have been analysed 
before and after storage in a dry-box. The CXP200 spectrometer was used for this 
work, equipped with a Doty MAS probe and 7 mm zirconia rotors with close-fitting 
kel-F end caps. Experimental details are listed in table 5.14 and the spectra are shown 
in figures 5.15 and 5.16. Chemical shifts are listed in table 5.15. 
Sample Hydration Spinning Number Recycle Spectrometer 
State -rate 
/kHz 
of 
transients 
time 
/s 
/Probe 
1 mga not dried 4 16 2 CMX200/HX 
2 mga not dried 15.5 32 2 CMX200/HF 
3 mgb not dried 4 16 1 CXP200/Doty 
4 mgb dried 4 32 1 CXP200/Doty 
5 mgc not dried 4 4 1 CXP200/Doty 
6 mgc dried 4 16 1 CXP200/Doty 
7 mge not dried 4 16 1 CXP200/Doty 
8 mge dried 4 16 5 CXP200/Doty 
9 mgf not dried 4 16 1 CXP200/Doty 
10 mgf dried 4 16 1 CXP200/Doty 
Table 5.14 Experimental details for ten magadiite ] H MAS spectra: sample mga 
has been analysed at two spinning-rates, while the other four samples 
have been analysed before and after storage in a dry-box. 
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Figure 5.15 Two 'H MAS spectra of magadiite (sample mga) at different spinning 
rates: a) 4 kHz; and b) 15.5 kHz. It should be noted that the spectra are 
plotted with different chemical shift ranges. 
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Figure 5 .16 Eight magadiite 1H MAS spectra of four different samples, before (left) 
and after (right) drying: a) undried sample mgb; b) dried sample mgb, c) 
undried sample mgc; d) dried sample mgc; e) undried sample mge; f) 
dried sample mge; g) undried sample mgf; h) dried sample mgf. 
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Sample Hydration Spinning 
-Rate 
/kHz 
8H/ppm 
1 mga undried 4 15.0 5.0 
2 undried 15.5 15t 3.8t 
3 mgb undried 4 15.1 5.2 
4 dried 4 15.2 3.7 
5 mgc undried 4 14.0 5.3 
6 dried 4 14.7 3.8 
7 mge undried 4 14.7 5.1 
8 dried 4 15.2 3.7 
9 mgf undried 4 15.1 5.1 
10 dried 4 15.2 3.7 
Table 5.15 Chemical shift information for the ten magadiite *H MAS spectra 
shown in figures 5.15 and 5.16. t All other chemical shifts were 
referenced to an external standard (TMS at 8H 0); these chemical shifts 
were obtained by setting the H-bonding signal to 8H 15. 
The spectra in figures 5.15 and 5.16 for undried magadiite samples at readily-
achievable spinning rates contain a broad background signal from the probe (see 
figure 7.25a). The drying and fast-spinning techniques give spectra with a less 
significant background contribution. 
Though the spectra are poorly resolved, two isotropic lines are evident a 
strong signal at 8H 5 and a shoulder at 8H 15. When the samples are dried, the spectra 
look very similar to 1H MAS spectra of undried octosilicate. With octosilicate, 
chemical shifts, spinning side-band manifolds and relative peak intensities were used 
to assign the signals. Similar reasoning can be used for magadiite: the more intense 
signals at 8H 5, with more extensive spinning side-bands, are from water protons; and 
the less intense signals at 8H 15, with fewer spinning side-bands, are from strongly H-
bonded silanol protons. 
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The H-bonding chemical shifts are less positive than in octosilicate, corr-
esponding to longer oxygen-oxygen distances: values of 251-252 pm can be predicted 
using equation 5.4. This bond-distance had to be estimated from the chemical shifts 
of the dried sample spectra, as the resolution of the undried sample spectra was too 
poor for accurate determination of the high-frequency chemical shifts. 
Fast spinning provided a spectrum with two sharp lines; these could be 
integrated, indicating that the ratio of water protons to H-bonded protons is 9.5:1. 
This is close to the expected value of 9:1 (for Na2O:14SiO2:10H2O or Na2H2Sii4(>29. 
9H2O). The resolution is better in this spectrum as the lines are slightly sharper. 
There is also less background contribution as all the peak intensity is concentrated at 
the isotropic chemical shift, rather than being spread out among several orders of 
spinning side-bands. 
Drying magadiite sharpens the peaks in the 1H MAS spectra. The line-widths 
vary from ca. 400 Hz (sample mgf) to ca. 800 Hz (sample mgc). It is feasible that this 
is due to different degrees of hydration. However, the line-width of the dried sample 
does correlate with the line-widths of the undried sample. Therefore, it is more likely 
that the variation can be attributed to the quality of the original sample, in terms of 
crystallinity or paramagnetic contamination, for example. The background absorption 
is relatively less intense in spectra with sharper lines. 
Dried magadiite J H MAS spectra can be very similar to those of undried 
octosilicate. Since the major effect of storage in a dry-box should be a removal of 
water molecules, the difference between the spectra of undried magadiite and 
octosilicate can be attributed to extra water molecules in the interlayer space. 
In summary, two proton species have been identified in magadiite: water and 
strongly hydrogen-bonded protons. These can be quantified with a spectrum acquired 
with a high spinning rate and occur in approximately the ratio that is predicted by the 
formula of magadiite. Drying magadiite produces a spectrum which is fairly similar 
to that of undried octosilicate. 
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5.2.6 The Thermal Behaviour of Magadiite 
The thermal behaviour of magadiite was investigated with a single magadiite 
sample which was heated with increasing severity, in terms of temperature and time. 
After each step, 1H MAS spectra were acquired. These can be compared with spectra 
of the same sample before the heating. The reversibility of the changes was 
investigated by analysing the heated sample after it had been stored at ambient 
temperature for two months. 
Proton NMR was chosen for this investigation for two reasons. Firstly, spectra 
could be acquired quickly- about 10 minutes after the sample was removed from the 
oven. This minimised the possibility of changes in the sample over the course of the 
analysis. Secondly, the heating process is expected to remove water and *H is the 
logical nucleus for monitoring such changes. 
Several lH MAS spectra of magadiite (sample mgb) were acquired using the 
CXP200 spectrometer, equipped with a Doty MAS probe and 7 mm zirconia rotors 
with close-fitting kel-F end-caps. Spectra were acquired after three heating stages: 
100 °C, for ten minutes; 100 °C, overnight; and 200 °C, overnight The sample was 
heated by placing an open vessel, containing ca. 1 g of magadiite, in an oven. A rotor 
was packed on removal of the sample from the oven and a spectrum was acquired 
immediately. In each case, 16 transients were acquired, with a recycle time of 1 s. A 
further spectrum was acquired after the sample had been stored at ambient 
temperature for two months: 32 transients were acquired with a recycle time of 1 s. 
The spectra are shown in figures 5.17 and 5.18. Chemical shifts and line-widths are 
listed in table 5.16. 
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Figure 5.17 The variation in 1H MAS spectra on heating magadiite (sample mgb): 
a) before heat-treatment; b) after being heated for 10 minutes in a oven 
at 100 °C; c) after being heated overnight at 100 °C; and d) after being 
heated overnight at 200 °C 
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Figure 5.18 The reversibility of heating magadiite. Three *H MAS spectra of 
magadiite (sample mgb): a) before heat treatment; b) after being heated 
overnight at 200 °C; and c) after further storage at ambient temperature 
for 2 months. 
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Heating Stage Chemical Shift, Line-Widtht, 
on/ppm Ai^/Hz 
Before Heating 15.1 2000 
5.2 
10 minutes at 100 °C 14.9 1200 
3.6 
Overnight at 100 °C 10.6 800 
2.8 
Overnight at 200 °C 10.6 600 
3.0 
After 2 months 14.7 2000 
3.5 
Table 5.16 Chemical shift and line-width information for a 1H MAS investigation 
into the thermal behaviour of magadiite (sample mgb). t Full-widths at 
half peak height; in general, these were difficult to measure for the 
high-frequency signal. 
The spectrum before any heating (figure 5.17a) is typical of magadiite. It 
contains two lines from water and strongly hydrogen-bonded magadiite protons and a 
strong, broad signal from the probe background (see figure 7.25a). A sharp 
component of the proton background is visible as a shoulder on the isotropic water 
proton line. Placing the sample in a hot oven for just ten minutes has a large effect. 
The lines sharpen in exactly the same way as they do when magadiite is stored in a 
dry-box. Larger changes occur with more extensive heating: overnight heating at 100 
°C results in a shift in the frequency of the H-bonding proton signal, corresponding to 
an increase in the oxygen-oxygen distance of the hydrogen-bond (a change from 250 
pm to 268 pm can be estimated using equation 5.4). Overnight heating at 200 °C 
gives a spectrum with a very weak signal, where the sharp proton background signal is 
clearly visible. 
The reversibility of these heat treatments can be seen from figure 5.18. 
Heating overnight at 200 °C changes the *H MAS spectrum of magadiite 
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considerably, but the spectrum reverts to that of a typical magadiite sample after 
storage at ambient temperature. These spectra imply that changes with heating up to 
200 °C are reversible. 
Heating magadiite could result in two reactions: loss of water and 
condensation of silanol protons. Two factors imply that storing magadiite at 200 °C 
resulted in a loss of water molecules only. Firstly, the changes in the 1H MAS 
spectrum were reversible, which would be expected if heating only varied the 
structural water content in magadiite. It is less likely that condensed silanol groups 
would reform. Secondly, hydrogen-bonding signals are visible in all the spectra. 
Thermogravimetric analysis shows that this is a reasonable conclusion (see section 
5.2.8, where layered sodium polysilicate hydrate thermal behaviour will be discussed 
in more detail). 
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5.2.7 Kenyaite 
Only two kenyaite samples were available for analysis and one of these was of 
doubtful quality. Straightforward !H MAS spectra of each sample were obtained, but 
neither sample-drying nor high-speed MAS were attempted. 
Proton MAS spectra for kenyaite (sample kya) were acquired at two magnetic 
fields (corresponding to transmitter frequencies of 200 MHz and 300 MHz). In both 
cases the spectrum contained two lines, at ca. 15 ppm and ca. 5 ppm. However, the 
lines were broad and there were extensive spinning side-bands. Since the sample was 
green, it was assumed that the spectrum was heavily-influenced by the presence of 
paramagnetic contaminants and will not be considered further. 
Kenyaite (sample kyb) was analysed using the CMX200 spectrometer, 
equipped with a Chemagnetics HX probe and 7.5 mm zirconia Pencil rotors. A 1H 
MAS spectrum was acquired with 16 transients and a recycle time of 1 s; the spinning 
rate was 4.98 kHz. It should be noted that in this experiment more effort was made to 
eliminate the presence of broad background signals (by varying acquisition parameters 
such as the spinning-rate, dwell-time and dead-time) than was the case with the 
magadiite spectra shown in figures 5.15,5.16, 5.17 & 5.18. The spectrum is shown in 
figure 5.19 with two lines at 8H 15.1 and 4.8. 
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Figure 5.19 A 1H M A S spectrum of kenyaite (sample kyb). 
The !H M A S spectrum is fairly similar to magadiite. It consists of an intense 
water absorption, at 5H 4.8, and a signal at SH 15.1 which can be attributed to strongly 
hydrogen-bonded protons. The peaks have been assigned in the same way as those for 
magadiite. There are spinning side-bands surrounding both signals; these are more 
extensive for the water proton. The chemical shift of the H-bonded protons can be 
related to an -O-H-O- bond-distance of 252 pm, using equation 5.4. 
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5.2.9 Thermogravimetric Analysis 
Thermogravimetric analysis (TGA) is a useful analytical technique to support 
conclusions from 1H NMR because it can quantify the amount of hydrous species in a 
sample. If a layered sodium polysilicate hydrate is heated it can lose all its protons as 
water molecules, while the associated change in mass is monitored. TGA can also 
distinguish between proton species by the different temperatures at which they are 
removed. 
The experiment results in a plot of weight versus temperature. A differential 
plot (rate of weight-loss against temperature) can be useful, where events will be seen 
as peaks, with a maximum at the transition temperature. The exact value of this 
temperature is of limited use as it can vary greatly, depending on the atmosphere 
surrounding the sample or its mass; both cases affect the rate at which water is emitted 
or re-adsorbed. Useful information can be obtained from the overall weight-loss. 
Providing the sample is heated slowly enough to an adequate temperature, this value 
can be related to the total amount of water in the sample. TGA has also been used to 
estimate the efficiency of the standard drying procedure that has been used in this 
work. 
A single sample of each of the layered sodium polysilicate hydrates underwent 
thermogravimetric analysis, using a Perkin-Elmer TGA7 machine. In each case, a 
weighed amount (1.5 to 10.5 mg) was heated up to 800 °C, at a scanning rate of 10 
K/minute, in an atmosphere of oxygen-free nitrogen. To estimate the effect of the 
standard drying regime used in this work, a dried sample of magadiite was also 
analysed. This had been stored in an open sample-bottle in a dry-box for several days, 
before being sealed and eventually analysed. Some re-adsorption of moisture might 
have occurred between storage and analysis. 
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Figure S.20 Thermogravimetric analysis results for kanemite (sample kna). Weight-
loss and differential weight-loss curves are shown as unbroken and 
dashed lines, respectively. The abscissa scale refers to the weight-loss 
plot only. The shapes of the plots are typical of all the layered sodium 
polysilicate hydrates: several features are visible below 300 °C, while 
there is a more gradual weight loss above this temperature. 
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Weight vs. temperature and weight-loss rate vs. temperature plots were 
obtained for all the samples. All the graphs had the same form: several distinct events 
could be discriminated between room-temperature and 300 °C; while above this 
temperature, there was a more gradual, but significant decline in mass. Table 5.17 
lists the results of the analyses- temperatures and weight-loss values of any events and 
a value for the overall weight-loss. As an example, figure 5.20 shows traces for 
kanemite. 
Silicate Sample Features: 
Temperature (Weight-loss) 
Total weight-
loss 
/ % 
Makatite mka 90 °C (12 %) 
190 °C (5 %) 
26 
Kanemite kna 60 °C (12 %) 
100 °C (4 %) 
200 °C (5 %) 
270 °C (3 %) 
27 
Octosilicate oca 90°C(12%) 
130 °C (8%) 
23 
Magadiite mga 70 °C (7 %) 
80 °C (3 %) 
110°C (2%) 
270 °C (2 %) 
18 
Kenyaite kyb 90 °C (6 %) 
136 °C (2%) 
10 
Dried Magadiite mga 90 °C (2 %) 
120 °C (3 %) 
160 °C (2 %) 
10 
Table 5.17 Thermogravimetric analysis results for five undried layered sodium 
polysilicate hydrate samples, together with similar results for 
magadiite, after careful drying. The features can be observed as peaks 
in plots of the rate of weight loss with time. 
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These analyses provide several bits of information of varying significance. A 
few general points can be made. Firstly, all the undried samples start losing mass at the 
beginning of the analysis. Since this starts at 30 °C, it is not unlikely that hydration 
and rehydration processes occur at room-temperature. Therefore, the hydration of a 
sample is likely to be variable- the water content of a magadiite sample is not 
necessarily the same as that of a different magadiite sample or even of the same sample 
some months later. Secondly, TGA results have frequently been reported, but there 
can be great variation in the temperatures, multiplicities and weight-losses of features 
for different samples of the same silicate.46 Therefore, this work will concentrate on 
the behaviour over large temperature ranges rather than specific events. Finally, dry-
box treatment clearly removes some but not all of the moisture in a sample. The water 
content of a magadiite sample dropped from 18 % to ca. 10 % on being stored in a 
dry-box. The final figure can only be an approximation as it was impossible to analyse 
the sample immediately on its removal from the dry-box and some re-adsorption of 
moisture could have occurred before analysis. 
The reaction observed by thermogravimetric analysis is simply a loss of water 
with heating; for the layered sodium polysilicate hydrates, this can be represented by 
equation 5 .5. The overall weight-loss can therefore be related to the fraction of water 
in each silicate. Table 5.18 shows a comparison between experimental values for the 
water content and those that have been calculated from formulae with a good 
correlation between the two figures. 
Na20:xSi02 yH 2 0 -» Na20:xSiC>2 + yH^O Eq. 5.5 
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Silicate Formula Total Water- Total Water-
content content 
(theoretical) (experimental) 
1% /% 
Makatite Na 20:4Si0 2:5H 20 23 26 
Kanemite Na 20:4Si0 2:7H 20 29 27 
Octosilicate Na 20:8Si0 2:9H 20 23 23 
Magadiite Na2O:14SiO2:10H2O 17 18 
Kenyaite Na2O:22SiO2:10H2O 12 10 
Table 5.18 Comparison of theoretical water contents for the layered sodium 
polysilicate hydrates with those measured by thermogravimetric 
analysis. The theoretical total water content figures would include 
silanol and water protons. 
The *H NMR data showed that there were two distinct proton species in the 
layered sodium polysilicate hydrates: those in water molecules and silanol protons, 
which can be strongly hydrogen-bonded. Thermogravimetric analysis also indicates 
that there are two types of proton species: those corresponding to discernible weight-
loss events below 300 °C and those which correspond to a slower weight-loss at a 
higher temperature. Equation 5.5 can be re-written as equation 5.6, where silanol and 
water protons are considered separately. The water protons will be lost before the 
silanol protons as the involved reaction for the condensation of strongly H-bonded or 
silanol protons would require more energy. 
Na 2H 2Si xO y.zH 20 ~ z l i 2 ° > Na 2H 2Si xO y ~ H 2 ° > Na 2Si xO y.i Eq. 5.6 
Theoretical weight-losses for the removal of water and silanol protons can be 
calculated and compared with the experimental data. The experimentally-observed 
weight-loss data can be divided into that which accompanied discernible low-
temperature events and that which occurred more gradually at higher temperatures; 
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these values have been compared with values calculated from typical formulae in table 
5.19. There is a reasonable correlation between the experimental and theoretical data. 
Therefore, it is a reasonable conclusion that water protons are lost faster and at lower 
temperatures than silanol protons. Additionally, thermogravimetric analysis provides 
some supporting evidence for the presence of distinct silanol and water proton species 
in the layered sodium polysilicate hydrates. To assign the several discernible low-
temperature events to specific water species would be unwise: such events would not 
necessarily occur consistently with different samples of the same silicate. 
Silicate Experimental Formula Theoretical Fraction 
Weight-Loss / % / % (as H 2 0) 
Rapid Slow Water Silanol 
Makatite 18 8 Na2H2Si40a.3H20 17.2 5.7 
Kanemite 24 3 Na2H2Si409.6H20 24.5 4.9 
Octosilicate 20 3 Na 2H 2Si 8Oi7.8H 20 20.1 2.9 
Magadiite 14 4 Na 2H 2Sii40 2a.9H 20 14.8 1.9 
Kenyaite 8 2 Na 2H 2Si 2 209.9H 20 10.2 1.3 
Table 5.19 A comparison of the theoretical fractions of layered sodium polysilicate 
hydrate water and silanol protons with the observed weight-loss from 
thermogravimetric analysis. The total experimental weight-loss has 
been divided into that which comes from discernible low-temperature 
events and that which occurs more slowly at higher temperatures. 
In conclusion, inconsistent previously-reported data for the layered sodium 
polysilicate hydrates have indicated that thermogravimetric analysis data should be 
treated with some caution. However, this work has provided a measure of the total 
water content for a representative sample of each silicate which is close to that which 
can be predicted from typical formulae. Additionally, the total weight-loss can be 
attributed to two processes: rapid loss of water molecules followed by a slower loss of 
silanol protons. This supports the conclusion from the 1H MAS NMR data that there 
are two types of proton species. 
53 Proton Spin-Lattice Relaxation Times 
5.3.1 Introduction 
During the course of this work, several *H MAS inversion-recovery 
experiments have been carried out for the determination of spin-lattice relaxation 
times. The results have been essential for optimising experimental parameters and 
fitting the data from an exchange rate determination. It is the proton T\-value which 
determines the rate of repetitive acquisition in cross-polarisation experiments (see 
section 2.7.4). For this reason alone, the measurements in this chapter are worthwhile, 
but additional information could be obtained. 
The significance of the magnitude of any measured Ti-values must be doubted 
because many factors can influence the rate of longitudinal relaxation. These include 
the extent of paramagnetic contamination which can vary between samples of the 
same silicate. However, relative values could be interesting. Coincident relaxation 
times for two species within the same sample can be an indication of significant 
exchange processes over the time-scale of the relaxation. 
Spin-lattice relaxation times have been measured for octosilicate and magadiite 
samples under various conditions of sample-hydration, temperature and spinning rate. 
Such experiments were not feasible for makatite and kanemite as the 1H MAS spectra 
were not suitable and only limited work was possible with kenyaite. 
Since little crucial information was gained from these experiments, the results 
will be reviewed briefly. A more detailed account of the experiment for octosilicate 
(sample occ, 16 kHz spinning rate) can be found in section 5.4. 
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5.3.2 Experimental Details and Results 
Proton spin-lattice relaxation times have been determined for several layered 
sodium polysilicate hydrate samples using either the CMX200 or CXP200 
spectrometers and Doty MAS, Chemagnetics HX or Chemagnetics HF probes. 
Standard inversion-recovery pulse sequences, t l i r and DURHSPT1, were used with 
CMX200 and CXP200, respectively. The former used a compensated 7t-pulse for 
inversion (i.e. a series of four 90° pulses which can provide accurate inversion for off-
resonance signals even if slightly incorrect pulse-durations are used)47 while the latter 
used a simple n-pulse. In both cases, spectra were acquired with several values of the 
recovery-time, x. Values for Ti were obtained by fitting spectral intensities to 
equation 2.12 using non-linear regression (SPSS for Windows) or the T l routine of 
the CXP200 spectrometer. The former gives a value for T i , 95 % confidence limits 
and a correlation coefficient, r2 (not listed here). In a few cases, data obtained with 
the CXP200 spectrometer were analysed using both methods and similar relaxation 
times were obtained. 
The 1H MAS spectra of all the samples had two signals which could be 
assigned to strongly hydrogen-bonded and water protons. In most cases, separate 
spin-lattice relaxation times could be determined for both signals. However, the 
resolution in a few magadiite spectra was so poor that values could only be determined 
for the water proton signal. In all these cases, the small H-bonding signal appeared to 
share the same relaxation behaviour as the larger water signal. 
Table 5.20 contains some experimental details together with proton spin-lattice 
relaxation times for several octosilicate, magadiite and kenyaite samples under 
different conditions of sample hydration, spinning-rate and probe temperature. Figure 
5.21 shows a stacked plot of the results for octosilicate (sample occ) with a spinning 
rate of 4 kHz. 
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Silicate 
(Sample) 
Expe 
NEa 
rimenta 
NTb 
il Par an 
RDc 
teters 
SRd 
T i / 
H-Bonding 
mst 
Water 
Octosilicate 
(occ) 
30 8 2 4 53.2±1.7 53.0 ±0.4 
Octosilicate 
(occ) 
25 16 2 16 31.8 ±4.1 22.8 ±0.5 
Octosilicate 
(ocb) 
25 8 2 4 50.3 50.7 
Dried Octosilicate 
(ocb) 
17 8 5 4 107 ±5 119±7 
Magadiite 
(mga) 
18 8 3 4 560 ±50 390 ±60 
Magadiite 
(mgb) 
20 16 1 4 t 34 
Dried Magadiite 
(mgb) 
10 16 1 4 75 81 
Magadiite 
(mgc) 
20 8 1 4 117 
Dried Magadiite 
(mgc) 
25 16 1 4 117 136 
Magadiite 
(mge) 
10 8 1 4 * 89 
Dried Magadiite 
(mge) 
17 16 3 4 131 140 
Magadiite 
(mgf) 
10 8 1 4 t 62 ±14 
Dried Magadiite 
(mgf) 
20 16 1 4 9 6 ± 5 105 ± 5 
Kenyaite 
(kyb) 
14 8 1 5 65 ±6 78 ± 6 
Table 5.20 Experimental details and results for several layered sodium poly silicate 
hydrate 1H MAS inversion-recovery experiments. tError limits are not 
quoted for data analysed with the T l routine of the CXP200 
spectrometer. ±In some cases, H-bonding signals could not be 
adequately resolved from water signals. aNumber of experiments. 
bNumber of transients. cRecycle time / ms. dSpinning-rate / kHz. 
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5.3.3 Discussion 
Octosilicate 1H MAS spectra contain sharp, well-resolved lines with little 
contribution from the probe background under the conditions used for these 
experiments. Therefore, equation 2.10 models the experimental data well and table 
5.20 should contain accurate octosilicate Ti-values; any 95 % confidence limits 
should be a good measure of uncertainty. With magadiite and kenyaite, the 1H MAS 
spectra have less well resolved lines and there is a larger contribution from the probe 
background. The Ti-values were determined by fitting the peak intensities at the 
chemical shift of the relevant signal. Since these can include a contribution from 
overlapping species, equation 2.10 might not model the experimental data correctly. 
Therefore, the results could be inaccurate and any quoted 95 % confidence limits will 
under-estimate the uncertainty. Nevertheless, many conclusions can be drawn from 
table 5.20. 
The main conclusion from this work is that the 1H spin-lattice relaxation times 
are small. The values tend to be around 100 ms, which means that short recycle time 
of 0.5 s to 1 s can be used in further 1H NMR and cross-polarisation experiments. 
Since the 2 9 Si spin-lattice relaxation time for layered sodium polysilicate hydrates can 
be 100 s or more, CP can provide a rapid method of obtaining 29Si spectra. Though 
there is some variation in all the magadiite samples, the long relaxation time for 
sample mga is anomalous. Of the several magadiite samples that have been studied, 
this is the only natural one and it gave the best-resolved 2 9 Si spectra (see section 5.1). 
It is possible that all these observations might be related: a different method of 
formation has produced a purer sample and less paramagnetic contamination would 
result in larger values of Ti and sharper spectral lines. 
The value of Ti is clearly influenced by the hydration of the sample. The 
drying procedure tends to increase the spin-lattice relaxation time. This was noticed 
by Clarke48 in zeolites and it can be related to mobility- the protons in the dried 
samples are more rigid and relax more slowly. Moreover, average proton-proton 
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distances will increase with drying. A more surprising observation is that the spinning 
rate appears to affect octosilicate Ti-values. It is difficult to explain why relaxation 
should be so much faster at a high spinning-rate, but it should be remembered that 
spinning a sample at 16 kHz in a small rotor is quite a violent process. 
For each sample, hydrogen-bonded and water proton spin-lattice relaxation 
times tend to be similar. This might be caused by complete or significant mixing 
between the proton species over the time-scale of the longitudinal relaxation. If this 
were the case, any difference in intrinsic relaxation times would be averaged by 
chemical-exchange or spin-diffusion and a single Ti-value would be measured. 
Sample-drying reduces the extent of mixing, but there is still little difference between 
Ti for the hydrogen-bonding and water protons. Though the rate of mixing might be 
less, Ti is larger so there is a longer time for the mixing to occur. 
5.3.4 Conclusion 
Proton spin-lattice relaxation times have been measured for many samples of 
octosilicate, magadiite and kenyaite. The values tend to be small enough for short 
recycle times to be feasible in further cross-polarisation or !H NMR experiments, 
though one magadiite sample is anomalous. The longitudinal relaxation rate of water 
and H-bonded protons in the same sample are similar. This might be caused by 
mixing between the species by spin-diffusion or chemical-exchange. Such mixing 
will be further investigated in section 5.4. 
5.4 Spin-Diffusion and Chemical Exchange Between Protons 
5.4.1 Introduction 
A study of spin-diffusion or chemical exchange between proton species in 
layered sodium polysilicate hydrates was essential for the explanation and confirmation 
of several 2 9 Si and 23Na cross-polarisation experiments, which are included in chapter 
7 of this work. They can also provide further information about the proton species 
themselves. For reasons of sample-availability and the suitability of 1H MAS spectra, 
this study is restricted to octosilicate and magadiite. 
The term chemical exchange will be used to describe the reaction where a 
water proton and a hydrogen-bonding proton swap positions; this is represented by 
equation 5.6 where the different proton species are indicated by subscripts, A and B. 
The chemical shift of an individual proton will change over the course of this reaction. 
Spin-diffusion describes the process whereby magnetisation is exchanged between 
species; this is represented by equation 5.7, where the superscripts a and P represent 
the ±Vi energy levels. In this case, there is no change in chemical shift for an individual 
proton. Distinguishing between the two processes is difficult and the term "mixing" 
will be used to mean either spin-diffusion or chemical exchange. 
-O-HA-0 + H B - O - H Chemical Exchange ) + H a _ q _ £ q $ 6 
-O-Hoc-0 + HP-O-H S p m ~ D i f i U s i o n > -O-HP-0 + Ho-O-H Eq. 5.7 
Chemical exchange is easy to visualise but spin-diffusion merits further 
explanation. The concept of spin-diffusion was first postulated by Bloembergen to 
account for the rapid spin-lattice relaxation that occurs in samples with paramagnetic 
impurities.49 It has been described as the process whereby dipolar interactions 
between nuclear spins cause the propagation of dipolar and Zeeman order throughout 
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a crystal lattice.50 The term describes two processes. In spatial spin-diffusion,5l the 
interaction occurs through space by a diffusion of spin-temperature. However, in 
octosilicate or magadiite, spectral spin-diffusion is more likely as the proton species 
are quite distinct- their chemical shifts are separated by ca. lOppm. Here the 
magnetisation is transferred across frequency space.51 In general, the process is most 
efficient when the exchange is energy-neutral. Since the energy required is equivalent 
to the difference in Zeeman energy-level separations, the efficiency of spectral spin-
diffusion depends on the overlap between the NMR signals of the two exchanging 
species. For spectrally-resolved species, the extent of this overlap will depend on line-
widths. Thus, the process occurs where dipolar interactions can "bridge the gap" in 
the Zeeman energy levels.52 The rate of any spin-diffusion depends on the strength of 
these interactions, which are weak in dilute or mobile systems. In a dilute system, the 
interacting species are well-separated, while mobility can lead to an averaging of the 
interaction with time. 
Spin-diffusion and chemical exchange are relevant to this work because they 
have an averaging effect on relaxation behaviour. Proton relaxation times can be 
detected via cross-polarisation in several useful experiments (see chapter 7). Though 
hydrogen-bonding and water protons might have intrinsically different relaxation 
properties, mixing over the lifetime of the relevant relaxation process can average the 
differences so that a single non-selective result is seen. Thus, coincident T i - or Tip-
values could be caused by complete spin-diffusion or chemical exchange over the 
time-scale of the relevant relaxation process. Mixing can also preclude any selectivity 
which might be observed in 2-dimensional experiments to determine cross-
polarisation mechanisms. 
The technique of sample drying has been extensively used in this work to 
reduce the extent of spin-diffusion or chemical exchange. With the former, the 
decrease in rate can be attributed to a sharpening of the 1H NMR peaks and a 
reduction in overlap; with the latter, the rate of exchange will decrease according to 
the law of mass-action. Thus, the two mixing processes are quite difficult to tell apart. 
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Two-dimensional exchange spectroscopy may be used to detect the presence of 
spin-diffusion or chemical exchange. The pulse-sequence consists of three 7t/2 pulses 
and is shown in figure 5.22. Such sequences have been reported by Jeener et a/.,53 for 
solution-state work and by Szeverenyi et a/. ,54 for CP/MAS in the solid-state. 
7i/2 nil nil 
Preparation Mixing Detection (t~) Evolution (t, ) 1 
Figure 5.22 Pulse-sequence for 2-dimensional exchange spectroscopy. 
The sequence can be divided into four parts. The preparation period places the 
proton magnetisation into the xy-plane of the rotating frame of reference. During the 
evolution period, the magnetisation relaxes under identical conditions to those for 
detection in a conventional 1H MAS experiment. During the mixing time the 
magnetisation is positioned along the z axis before a third 7t/2 pulse places it back in 
the xy-plane for detection. A 2-dimensional spectrum is obtained by acquiring several 
spectra with incrementally increasing values of the evolution time, t i , followed by 2-
dimensional Fourier-transformation over ti and t2. If there is no exchange, the 
individual proton species, A and B, say, will trace out similar FID's during both t\ and 
t2 and the 2-D spectrum will have signals along the diagonal at positions corre-
sponding to their chemical shifts, (5A,5A) and (8B,8B). Exchanging species will be 
coded for one chemical shift during ti and another during i% this will lead to cross-
peaks in the spectrum, (5A>$B) and (5B,$A)- F ° r chemical exchange, the species do 
actually swap chemical shifts with the exchange process. With spin-diffusion, cross-
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peaks are seen because the exchange of magnetisation during the mixing time also 
involves an exchange of the frequency-coding that occurred during t ] . 
5.4.2 Octosilicate 1H,1H 2-Dimensional Exchange Spectroscopy 
The aim of the experiments was to investigate spin-diffusion or chemical 
exchange between the proton species in octosilicate, using 1H.1H 2-dimensional 
exchange spectroscopy. Five spectra were acquired: three were needed to test the 
method and then two spectra showed whether the rate of mixing was affected by 
sample-hydration. 
Initially, the ifrUH 2-dimensional exchange spectroscopy pulse sequence 
(figure 5.22) was used to acquire a spectrum with a mixing time of 8 ms. This had 
been the contact time in several cross-polarisation experiments in which spin-diffusion 
or chemical exchange appeared to influence the results (see chapter 7). Mixing is 
detected in the form of cross-peaks in the 2-dimensional spectra, but such signals 
might also arise from artefacts. Since these experiments involved techniques that were 
new to the spectrometer system (i.e. 2-D NMR), an additional spectrum was acquired 
to confirm the origin of any cross-peaks. With a delay of 1 ms, mixing will be less 
extensive: real cross-peaks should be smaller but artefacts would probably not change. 
Spinning side-bands were visible in the first two spectra. Therefore, a third spectrum 
was acquired to test the importance of rotor-synchronisation, where the mixing time is 
equal to an integral number of rotor periods. Two further spectra were acquired to 
compare the rate of spin-diffusion or chemical exchange in dried and undried 
octosilicate samples. 
Two-dimensional !H,1H exchange spectra for octosilicate were acquired with 
the CMX200 spectrometer, equipped with a Chemagnetics HX probe and 7.5 mm 
zirconia Pencil rotors. The experiments used a specially-written pulse program (based 
on figure 5.22) and a macro for automation. Five spectra were acquired. Each 2-D 
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data set consisted of 256 FID's of 256 data points. For each spectrum, the dwell time 
in both dimensions was 10 us, corresponding to an acquisition time of 2.561 ms and a 
spectral width of 100 kHz. Zero-filling to 1 k and line-broadening were applied 
before fourier-transformation. The transmitter was offset to the low-frequency side of 
the 1-dimensional spectrum as the 2-D spectra were symmetrised about one axis. 
(Later attempts at acquiring hyper-complex data to produce phasable, non-
symmetrised spectra were only partially successful.) Selective, absolute-value mode 
portions of the full spectra for each experiment are shown in figures 5.23, 5.24, 5.25, 
5.26 and 5.27 together with slices through the chemical shift of the H-bonding proton. 
Further experimental details are listed in table 5.21. 
Spectrum Hydration Mixing Spinning Number Number of Recycle 
Time Rate of Rotor Transients Time 
/ms /kHz Periods /s 
Figure 5.23 Undried 8 3.96 31.7 4 1.5 
Figure 5.24 Undried 1 3.96 3.96 4 1.5 
Figure 5.25 Undried 8.08 3.96 32 4 1.5 
Figure 5.26 Undried 7.8 4.10 32 4 1 
Figure 5.27 Dried 7.8 4.10 32 16 1 
Table 5.21 Further experimental parameters for the octosilicate 2-dimensional 
!H,!H exchange spectra shown in figures 5.23-7. 
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Figure 5.23 A 2-dimensional 1H,]H exchange spectrum of octosilicate (sample occ) 
with a mixing time of 8 ms and a spinning rate of 3.96 kHz. A slice 
through 5H = 16 is shown above the 2-D contour plot. 
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Figure 5.24 A 2-dimensional 1H.1H exchange spectrum of octosilicate (sample occ) 
with a mixing time of 1 ms and a spinning rate of 3.96 kHz. A slice 
through 8H = 16 is shown above the 2-D contour plot. 
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Figure 5.2S A 2-dimensional ]H,1H exchange spectrum of octosilicate (sample occ) 
with a mixing time of 8.08 ms and a spinning rate of 3.96 kHz. A slice 
through 8H = 16 is shown above the 2-D contour plot. 
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Figure 5.26 A 2-dimensional 1H.1H exchange spectrum of ujidrjejl octosilicate 
(sample occ) with a mixing time of 7.8 ms and a spinning rate of 4.10 
kHz. A slice through 5H = 16 is shown above the 2-D contour plot. 
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Figure 5.27 A 2-dimensional 'H.lH exchange spectrum of dried octosilicate 
(sample occ) with a mixing time of 7.8 ms and a spinning rate of 4.1 
kHz. A slice through 5H = 14.6 is shown above the 2-D contour plot. 
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Figure 5.23 shows a 2-dimensional 1H,1H exchange spectrum for octosilicate 
with a mixing time of 8 ms. The spectrum contains 13 peaks, 5 along the diagonal and 
8 cross-peaks. The diagonal peaks at 5H 16 and 4 can be assigned to hydrogen-
bonding and water protons respectively, while the peak at 1 ppm comes from the 
probe background; water proton first-order spinning side-bands are also visible. The 
star shape of some signals is typical of peaks in magnitude-mode 2-D spectra. The 
cross-peaks between the isotropic hydrogen-bonding and water protons are evidence 
of spin-diffusion or chemical exchange. It is difficult to quantify the extent of this 
mixing from a contour plot as the height of the observed peaks can be artificially 
varied by changing the floor of the plot- the level below which contours are not 
plotted. By taking a slice through the chemical shift of the H-bonding proton signal, 
the heights of the diagonal signal and cross-peaks can be judged relative to a constant 
base-line. In this case, there is a strong isotropic water signal and two spinning side-
bands which are indicative of extensive spin-diffusion or chemical exchange over the 
mixing time of this experiment. 
The experiment was repeated with a shorter mixing time to check that the 
observed cross-peaks are real and not artefacts (figure 5.24). No cross-peaks are 
visible in the 1 ms spectrum and the slice through 16 ppm contains only the isotropic 
H-bonding proton signal. Since the extent of the cross-peaks does vary with the 
mixing time it is likely that they are a true indication of mixing processes, rather than 
an artefact. 
The first experiment used a spinning speed of 3.96 kHz, so the 8 ms mixing 
time was not an integral number of rotor periods (8 x 3.96 = 31.7). Rotor-
synchronisation is necessary in exchange experiments where there are spinning side-
bands. Over a mixing time with a non-integral number of rotor periods, magnetisation 
that is coded for one side-band (or the centre-band) at the end of t i can be coded for 
another at the beginning of t2. This will decrease the intensity of the diagonal signals 
in favour of cross-peaks between the same species. This theory was tested by running 
a rotor-synchronised experiment with a mixing time of 8.08 ms or 32 rotor periods 
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(figure 5.25). Though the mixing time was varied by only a small amount, the 
spectrum looks quite different, with more intense diagonal peaks. Rotor-
synchronisation is clearly worthwhile. 
Figures 5.26 and 5.27 show the effect of drying octosilicate on the rate of spin-
diffusion or chemical exchange. In the spectrum of the undried sample there are 
considerable cross-peaks which are not present when the same experiment is repeated 
with the dried material. The slices show that the effect is not as striking as the contour 
plots indicate. However, the relative intensities of the water proton signals {i.e. cross-
peaks) are less with the dried sample. Drying the sample clearly reduces the rate of 
mixing. 
In summary, these experiments have detected spin-diffusion or chemical 
exchange between water and proton species in octosilicate over a mixing time of ca. 
8 ms. This has been identified in the form of cross-peaks in 2-dimensional spectra. It 
is unlikely that the cross-peaks are artefacts as their intensity has been shown to be 
dependent on the duration of the mixing time. The intensity of the diagonal peaks can 
be increased with rotor-synchronisation- using a mixing time that is an integral 
number of rotor-periods. The extent of mixing has been shown to depend on the 
hydration of octosilicate. With a mixing time of 8 ms, spin-diffusion and chemical 
exchange are less evident after a sample has been dried. 
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5.4.3 Magadiite 2-Dimensional !H,1H Exchange Spectroscopy 
Two 2-D !H,1H exchange spectra were acquired with a mixing time of ca. 
8 ms. The aim of the experiments was to investigate the effect of drying magadiite on 
the extent of mixing between proton species. As with octosilicate, the work was 
necessary for the confirmation of some 29Si,iH CP correlation experiments (see 
chapter 7). With a contact time of 8 ms in these experiments, a selective result was 
only obtained with a dried sample. 
Two 1H,!H exchange spectra were acquired for magadiite (sample mgf) using 
the CMX200 spectrometer, equipped with a Chemagnetics HX probe and 7.5 mm 
zirconia Pencil rotors. One portion of the sample was analysed after storage under 
ambient conditions of humidity, while a second portion was analysed after careful 
drying. Drying was achieved by packing the sample in a Kel-F insert and storing it 
overnight in a dry-box (relative humidity <5 ppm H2O). A spinning rate of 4.10 kHz 
was used in each case; the mixing time was 32 rotor periods, 7.80 ms. Al l other 
parameters are listed in table 5.22. Selected portions of the spectra are shown in 
figures 5.28 and 5.29 together with slices through the chemical shift of the hydrogen-
bonding proton. 
Spectrum Hydration Number Number Recycle Dwell 
of of Time Time 
FIDS Transients /s / l i s 
Figure 5.28 Undried 128 8 1 10 
Figure 5.29 Dried 256 4 1 10 
Table 5.22 Experimental details for magadiite 2-dimensional 1H.1H 2-dimensional 
exchange spectra. 
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Figure 5.28 A 2-dimensional 1H.1H exchange spectrum of undried magadiite 
(sample mgf) with a mixing time of 7.8 ms and a spinning rate of 
4.10 kHz. A slice through 5 H 15 is shown above the 2-D contour plot. 
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Figure 5.29 A 2-dimensional 1H.1H exchange spectrum of dried magadiite (sample 
mgf) with a mixing time of 7.8 ms and a spinning rate of 3.96 kHz. A 
slice through 5 H 14.6 is shown above the 2-D contour plot 
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The quality of the undried sample spectrum is particularly poor. This is typical 
of magadiite *H MAS experiments where the two peaks are broad and poorly resolved. 
However, the spectrum does contains a diagonal water proton signal and cross-peaks 
with the H-bonding signal. The cross-peaks indicate that there is significant spin-
diffusion or chemical exchange between the proton species over the mixing time of 8 
ms. The spectrum of the dried sample is of a higher quality, with sharper, better-
resolved peaks. Cross-peaks are still visible in this spectrum, indicating that there is 
some mixing between the protons species. The significance of this mixing in the two 
cases, can be compared by considering the slices in figures 5.28 and 5.29. The 
intensity of the water proton signals is less in the slice of the dried sample, indicating 
less-significant mixing. 
In summary, spin-diffusion or chemical exchange between proton species has 
been detected in magadiite with 2-dimensional lHMi exchange spectroscopy. This 
method can not distinguish between the two processes. The rate of mixing between 
proton species in magadiite decreases when the sample is carefully dried. As with 
octosilicate, this decrease can be related to less rapid spin-diffusion, due to sharper 1H 
MAS spectral lines giving less overlap, or less rapid chemical exchange, where fewer 
species exchange more slowly due to the law of mass-action. 
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5.4.4 A Time-Scale for the Exchange 
This section contains the results of an experiment to determine the rate of the 
exchange between water and H-bonding protons in octosilicate. There were two parts 
to the successful octosilicate experiment: selective inversion of one of the !H MAS 
signals followed by a variable delay to monitor the extent of any relaxation. 
The aim of the inversion step is to selectively invert one signal so that it is 
180° out of phase with the other one. There are several possible ways of doing this 
including DANTE and sequences involving soft pulses, for example. The DANTE 
sequence includes a series of n it/n or n/2n pulses which is only equivalent to a ful l 7t 
or 7t/2 pulse for nuclei which are on-resonance; other nuclei will unaffected. A 
conventional pulse excites nuclei over a wide range of frequencies to include all the 
possible species in a sample, but a longer, lower-power, or soft, pulse can selectively 
excite nuclei over a narrow range of frequencies. In this work selective excitation has 
been achieved with a method which relies on the fact that the rate of precession of xy-
plane rotating-frame magnetisation is dependent on the offset of the Larmor 
frequencies from the transmitter frequency. The method has been reported by Connor 
et a/. 5 5 and Zvezerenyi et al.56 
The method works because the precession of a nucleus in the rotating-frame 
xy-plane depends on the difference between the transmitter frequency and the relevant 
Larmor frequency. On resonance, there is no precession and xy-plane magnetisation 
will decay back to equilibrium exponentially with time; this can be detected by 
conventional acquisition. I f the transmitter is off-resonance by a frequency Af, the 
magnetisation will nutate about the z-axis with an angular velocity, 2rcAf. I f 
transverse relaxation is ignored, a delay to allow for this precession can have the same 
effect as a conventional pulse: t = l6Af-i, for a TC pulse; and x = V4Af-l, for a n/2 pulse. 
If a system contains two distinct nuclei, A and B, and the transmitter is offset with 
M A = 2Afe, the delay, x, can be chosen to place the magnetisation vectors 9 0 ° or 180° 
out of phase. To summarise, selective inversion can be achieved with a 9 0 ° pulse and 
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a carefully chosen delay, v, a further 90° pulse places the magnetisation vectors back 
into the z-plane (figure 5.30). 
180 °precession about the z-axis 360 °precession about the z-axis 
Figure 5.30 Selective inversion by allowing the magnetisation of the two distinct 
proton species to precess about the z-axis by 360° and 180°. 
71/2 JC/2 7C/2 
X t 1 m 
WV • 
Inversion Variable Mixing Time; Acquisition 
Figure 5.31 A pulse-sequence to measure the extent of mixing after selective 
inversion. 
This inversion method has been used in a three-pulse sequence where a delay, 
t m , is varied to monitor the extent of mixing (figure 5.31). The initial pulse places the 
magnetisation of both nuclei into the xy-plane of the rotating frame of reference. With 
the transmitter frequency set correctly, the inversion delay, x, is equivalent to 180° and 
360° pulses for the two species. The second pulse places the magnetisation along the 
z-axis. During the mixing time, t m , the species can interact, via spin-diffusion or 
chemical exchange, while they return to equilibrium through longitudinal relaxation. 
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The extent of the mixing and relaxation is measured by a third 90° pulse, which places 
the magnetisation back into the xy-plane for detection. 
Two processes occur as t m is increased. Firstly, the magnetisation of each 
nucleus, MA and MB, decays back to equilibrium by spin-lattice relaxation. The rate 
of this decay is proportional to the deviation, AM, of the magnetisation vectors from 
their equilibrium values, Moo (equations 5.8 and 5.9). The second process is mixing 
between the species; the rate of this process is proportional to the difference in the 
relative deviation from equilibrium, AM/Moo, for each line (equations 5.10 and 5.11, 
where kA and ke are exchange rate constants). The equations can be combined to give 
equations 5.12 and 5.13. 
dMA = M £ - M A 
dt - T j A 
Eq. 5.8 
d M B = M » - M f 
dt - T f 
Eq. 5.9 
d_ 
dt 
' M A ^ 
= k A 
( ( M B - M ? ) ( M A - M A ) ) 
M ! M ^ 
Eq. 5.10 
d_ 
dt 
' M B ^ 
= k B 
f ( M A - M A ) ( M B - M f n 
M ^ Ml 
Eq. 5.11 
d f M A ^ ( M A - M A ) f ( M E - M B ) ( M A - M A ) ^ 
dt l M ^ v °° J - M A T A 
- + k A M l ! MA 
Eq. 5.12 
d_ 
dt 
f M B ^ ( M B - M " ) f ( M A - M A ) ( M B - M f ) ^ 
V M £ J - M B T B 
• + k B M A MB 
Eq. 5.13 
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The final equations are considerably simpler i f the two species are equally 
populous. This was the case in the work of Field et al. who studied the chemical 
exchange process between the two hydride ions in an octahedral iron complex, 
FeH2[P(CH2CH2CH2PMe2)3].57 
A selective-inversion experiment was carried out for octosilicate (sample occ) 
using the CMX200 spectrometer with a Chemagnetics HF probe. Several spectra were 
acquired with different values of the mixing time using a specially-written pulse 
program and a macro for automation. A spinning rate of ca. 16 kHz was used in this 
experiment; under these conditions, the spectrum consists of two lines, at 8 H 16 and 
3.5, with minimal spinning side-bands. The water proton signal (3.5 ppm) is broader 
and more intense than the hydrogen-bonding signal (16 ppm). The peaks are separated 
by 2.441 kHz: the transmitter was offset by this value to the high-frequency side of the 
H-bonding signal. Setting x to 200 \xs gave selective inversion of the water proton 
signal. Forty FED's were acquired with non-incrementally increasing values of the 
mixing time, t m . Each FID consisted of 16 transients with a recycle time of 2 s. 
Intensities of the resultant spectra are plotted in figure 5 .32(a) and figure 5 .32(b) is a 
stacked plot. Spin-lattice relaxation times for both signals were obtained in a separate 
experiment (see section 5.3.3 for experimental details). The spectral intensities are 
plotted in figure 5.33(a), together with curves that have been simulated from the 
results of non-linear regression analysis. A stacked plot of the data is shown in figure 
5 .33(b). The results of the regression analysis are listed in table 5 .23. 
Signal 8 H / ppm T\l ms r2 
H-Bonding 
Water 
16.0 
3.9 
31.8 ±4 .1 
22.8 ±0.5 
0.99691 
0.99983 
Table 5.23 Regression results for a 1H MAS inversion-recovery experiment for 
octosilicate (sample occ). 
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Figure 5.32 The results of a selective-inversion experiment for octosilicate (sample 
occ): a) a graph; and b) a stacked plot. Variation in the mixing time, 
t m , is not incremental. 
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Figure 5.33 The results of an inversion-recovery experiment for octosilicate 
(sample occ): a) a graph; and b) a stacked plot. Variation in the 
recovery time is incremental. 
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Regression methods are unsuitable for analysing the data from the selctive-
inversion experiment. Field et al. modelled their previously-mentioned selective-
inversion data using an iterative least-squares fitting procedure which used a Runge-
Kutta algorithm to integrate twin differential equations.57 A less rigorous approach 
has been used in this case. Curves were simulated from several parameters and 
compared with the experimental data by eye, until the best f i t was obtained. 
The first step in simulating the curves was to divide the experimental mixing-
time range of 150 ms into 1500 increments. A value for the relative signal intensity at 
zero-time could be read off the graph in figure 5.32a. Further values for the relative 
signal intensity were approximated by estimating the change in magnetisation, 8M, 
over a small time interval, 5t, using equation 5.14. The change in magnetisation can 
be added to a previously calculated value, Mi , to create a new value, Mj+i (equation 
5.15). Equation 5.16 can be obtained by combining equations 5.14 and 5.15, and 
dividing by Moo. This is a reasonable approximation, provided the time interval is 
small. Any deviations will come from using the derivative at ti, rather than an average 
value for the time interval, tj to ti+j. Since the simulated curves were similar whether 
increments of 0.01 ms or 0.1 ms were used, equation 5.14 is a valid approximation. 
SM = 8 t . — Eq.5.14 
dt 
M i + i = M i + 8 M Eq. 5.15 
ML) = ( ML) + ( t i + 1 _ t i { ± ( M t Y 
M « » J I + 1 IMOOJJ 1 + 1 1 (d t tMooJJ j 
Eq.5.16 
The relaxation behaviour of the water protons must be known for the 
derivative in equation 5.16 to be calculable. Fortunately, the behaviour can be closely 
modelled by simple spin-lattice relaxation. The effect of any exchange can be ignored 
because the water signal is large with respect to the H-bonding proton signal. Figure 
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5.34 shows that this is the case. The experimental data are plotted with two fitted 
curves: the first uses values from the regression of these data; the second uses the 
previously determined value for T i (table 5.23) and equilibrium and zero intensity 
values which were chosen to f i t the data. Both fitted curves model the experimental 
behaviour well so either can be used to model the H-bonding signal intensity with a 
fairly accurate description of the water signal behaviour. 
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Figure 5.34 Modelling the water signal intensity data for a selective inversion 
experiment for octosilicate (sample occ). Two curves are included: the 
first is simulated with values obtained by non-linear regression (NLR) 
of these data, Moo = 1.21, Mo = -0.76 and T i = 20.6 ms; the second is 
simulated from a previously-determined value of T i , and the 
extrapolated extremities of this plot, Moo = 1.25, Mo = -0.82 and T i = 
22.8 ms. 
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The H-bonding signal data were modelled using equation 5.17. There are five 
unknowns in this equation: the initial H-bonding and water proton signal intensities, 
M # B and M ^ ; 1H spin-lattice relaxation times for the hydrogen-bonding and water 
protons, T j H B and T j W ; and the exchange rate constant, k. Since the Ti-values were 
independently determined, and the initial intensity values could be extrapolated from 
figure 5.32a, a best f i t for the data was obtained by varying k. This is displayed in 
figure 5.35 and used the values listed in table 5.24. 
An interesting conclusion from the results of this experiment is that the 
inversion-recovery experiment gives a good measure for the intrinsic spin-lattice 
relaxation time of the water protons only. The value determined for the H-bonded 
protons is in fact an average of the values for both species. Therefore, the value of 
TiHB that has been used to model the data is probably too small. However, varying 
this parameter between 30 ms and 40 ms had little effect on the f i t of the simulated 
curve to the experimental data. 
f M " B ] 
V 0 0 J i+l IM™J 
- ( t i + 1 - t i ) V
 0 0 / (f 
_ T H B 
+ k 1 -
M W , « p ( - t , / T j " ) - M P 
Eq. 5.17 
Parameter Symbol Value 
Initial H-bonding proton signal intensity 0 . 6 6 M »
B 
00 
H-Bonding proton spin-lattice relaxation time T
H B 
32 ms 
Initial Water proton signal intensity M w 0.66MW 00 
Water proton spin-lattice relaxation time T w 22.8 ms 
H-bonding proton exchange rate constant k 0.18 ms-i 
Table 5.24 Parameters for the best-fit to selective inversion data of the octosilicate 
hydrogen-bonding proton signal. 
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Figure 5.35 Experimental data and a simulation for a selective-inversion 1H MAS 
experiment on octosilicate (sample occ). This is the behaviour of the 
H-bonding protons, only. 
Simulation gave a reasonable fit to the experimental data, particularly around 
the minimum of the curve. The observed deviations between 30 ms and 80 ms could 
not be accounted for using this model, but they could be due to spinning-rate 
fluctuations or heating effects. The precision of the exchange rate value can be 
estimated at ±0.02 ms; varying k by this amount in either direction gave a noticeably 
poorer fit. The value of 0.18 ms-l has been measured with respect to the H-bonding 
proton. There are eight times as many water protons in octosilicate, so the exchange 
rate with respect to these protons would be much slower, ca. 0.023 ms-1. 
The exchange rates can be compared with the spin-lattice relaxation times 
measured under the same conditions. The Ti-values of 20 ms and 30 ms correspond 
to relaxation rates of 0.05 ms-l and 0.03 ms-l for the water and H-bonding protons, 
respectively. With the hydrogen-bonded protons, the exchange is faster than spin-
lattice relaxation. Therefore, the rate of any longitudinal relaxation will be influenced 
by mixing with the water protons. It is likely that the Ti-value that has been measured 
H -Bonding 
Fitted 
150 
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by inversion-recovery is an average of the intrinsic values for the water and H-
bonding protons. With the water protons, the exchange rate is slow with respect to the 
longitudinal relaxation: this fits with the experimental behaviour shown by figure 
5.34, where there appeared to be little contribution from exchange in the recovery of 
the inverted signal. I f the rate of longitudinal relaxation for the water protons was 
slower, a common, averaged value of T i would be observed for both signals. This is 
the case at a spinning-rate of 4 kHz, where, both water and H-bonding protons have 
spin-lattice relaxation times of ca. 50 ms (see section 5.3.3). 
The relevance of the measured exchange rates should be considered. This 
experiment was carried out with fast spinning, but most of the experiments in this 
work were carried out at spinning-rates of 5 kHz, or less. A change in spinning-rate 
could affect the rate of mixing: broader 1H MAS spectral lines would cause more 
rapid spin-diffusion while different temperatures and pressures might affect the rate of 
chemical exchange. However, the measured exchange rate can explain why coincident 
spin-lattice relaxation times are measured at 4 kHz, but not at 16 kHz. Therefore, it is 
likely to be a reasonable estimate. 
In summary, approximate exchange rates of 0.18 ms-1 and 0.023 ms-1 have 
been calculated for the interaction between octosilicate H-bonding and water protons, 
respectively. The time-scale of this exchange is particularly relevant to cross-
polarisation experiments where contact time of up to 15 ms have been used. 
Significant mixing might be expected i f long contact times are used, while results that 
can distinguish between H-bonding and water protons might be possible at short 
contact times. Alternatively, similarly-selective results might be seen in cases where 
the rate of exchange is reduced- in dried samples, for example. The exchange rates 
were measured with a spinning-rate of 16 kHz, extreme conditions where the proton 
relaxation behaviour of octosilicate might be quite different to more readily-achievable 
spinning-rates. However, the reasonable accuracy of the results can be confirmed by 
comparing them with i H MAS spin-lattice relaxation times. 
§.§ Sodium 23 N M R 
5.5.1 Introduction 
Few 2 3 N a NMR studies of the layered sodium polysilicate hydrates have been 
reported. Nesbitt obtained broad, uninformative spectra of makatite and kanemite.1 
However, structurally significant results have been obtained for magadiite and 
kenyaite. Rojo et al. assigned the two peaks in a magadiite 23Na SP spectrum to 
different interlayer locations for sodium ions (see figure 3.4).28 Nesbitt showed that 
only one of the signals observed in some magadiite and kenyaite spectra was present 
in a cross-polarisation spectrum. 1.58 This was assigned to hydrated interlayer sodium 
ions, while the other sodium site was assumed to be isolated within the silicate layer. 
In this work 23Na SP spectra have been obtained for all the layered sodium 
polysilicate hydrates at two magnetic fields. Where relevant, cross-polarisation 
spectra have been acquired in an attempt to repeat the result of Nesbitt, and some 2 3 N a 
spin-lattice relaxation times have been determined. Powder X-ray diffraction has been 
used as a supporting analytical technique. 
5.5.2 Theory 
The relevant isotope for sodium NMR, 23Na, is 100 % abundant with a spin 
quantum number, I , of 3/2. The quadrupolar nature of the nucleus ( I * x/i) has an 
important effect on the frequencies of transitions leading to NMR spectra. When a 
sodium nucleus is placed in a magnetic field, Zeeman splitting wil l produce 21+1 non-
degenerate energy levels. In the absence of other interactions, these are equally spaced 
and resonance will occur at a single frequency, V L , the Larmor frequency. The 
quadrupolar interaction perturbs the energy levels so that they are no longer equally-
spaced. By convention, there are two different effects depending on the strength of 
the quadrupolar interaction: first-order quadrupolar effects come from small 
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perturbations on the Zeeman energy levels, while larger perturbations can cause 
second-order quadrupolar effects. 
Equation 5.18 gives transition frequencies, Av, for a nucleus which 
experiences Zeeman and weak quadrupolar interactions leading to first-order effects. 
The quadrupolar coupling constant, x. is defined in equation 5.19. The value of x 
depends on the particular nucleus (23Na or 170, for example) through the quadrupole 
moment, eQ, a measure of charge distribution. The geometry of the particular nuclear 
site also influences % through eqzz, a component of the electric field gradient tensor. 
The angle between qzz and the magnetic field is 6. Transition frequencies can easily 
be calculated with respect to V L , 0 and these are shown in figure 5.36. 
Av = v L - - Y 2 / " 1 1 ~ \ (3cos2 9 - 1 ) Eq.5.18 8 ^ 1(21 - 1) 
X = ^ ^ Eq.5.19 
Zeeman Splitting Only Zeeman & First-Order Quadrupolar 
z 
vL+x(3cosfe . i)/4 
JvL- xOcos^ ~ / 4 
Figure 5.36 Energy levels and transitions frequencies for a 23Na nucleus (I = 3/2) 
in a magnetic field. In the absence of a quadrupolar interaction, 
resonance occurs at the Larmor frequency, V L , only. This is also the 
case for the central transition even when there are first-order 
quadrupolar interactions, but the frequencies of the other transitions 
include angular and x terms. 
3/2 
1/2 
+1/2 
+3/2 
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Figure 5.36 shows that the central transition, mj=+V2 -> mj=-V2, is unaffected 
by first-order quadrupolar effects and independent of 0. A typical spectrum of a 
powder containing all orientations of G would have a strong line at the Larmor 
frequency, while the other transitions might give broader, less easily-detectable lines. 
Stronger quadrupolar interactions lead to second-order effects. In this case the 
central transition, mi=+1/2 -»mr=-V2, is affected and line-shapes, chemical shifts and 
line-widths can be distorted. The influence of the quadrupolar interaction can move 
the centre of gravity of observed signals away from the isotropic chemical shift. Fyfe 
shows that this can be represented by equation 5.20, for magic-angle spinning. 59 
Because of this potential deviation, it is not usually possible to record isotropic 
chemical shifts, 8Na, from 23Na NMR spectra. In this work, apparent chemical shifts 
will be represented by the symbol, 8Na* 
In equation 5 .20, V C G is the centre of gravity of the signal, while vo and VQ are 
proportional to the applied field and the quadrupolar coupling constant, respectively; rj 
is an asymmetry parameter. It should be noted that second-order quadrupolar effects 
are inversely-proportional to the applied magnetic field. Therefore, any distortions can 
be rninimised by working at as high a magnetic field as possible. 
Magic-angle spinning is important in the NMR of quadrupolar nuclei. It can 
average broadening from heteronuclear dipolar, shielding anisotropy and first-order 
quadrupolar interactions. However, second-order quadrupolar interactions are not 
completely averaged with this technique as the angular dependence is more complex 
than a 3cos20-l term. Special techniques can be used to achieve line-narrowing, for 
example, double rotation (DOR), 6 0 using a special rotor in which the sample spins 
around two axes simultaneously; dynamic-angle spinning (DAS), 6 1 where a spinning 
rotor can flip between two angles; variable-angle spinning (VAS), 6 2 using an angle 
2 > 
1 + VCG - vo 
30 
Eq. 5.20 
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which is more effective than 54.7 °; and sonically-induced NMR63 where ultrasound is 
applied to a suspension of the sample. 
With second-order effects, the outer transitions can be so broad that they are 
not excited by a conventional pulse, thus the central transition is selectively excited. 
This is important with respect to quantification since the intensity of such a signal will 
be 40 % of that observed in the non-selective case. Additionally, the optimum pulse-
duration for a selective pulse can be shorter than that for a non-selective pulse, by a 
factor, I+V2, the Rabi factor, depending on the value of the quadrupolar coupling 
constant. 64 
5.5 Sodium-23 NMR Page 169 
5.5.3 Makatite and Kanemite 2 3 Na Single-Pulse Spectra 
Nesbitt acquired 2 3Na SP spectra for makatite and kanemite using a 200 MHz 
spectrometer.! The spectra were broad and difficult to assign. Similar spectra have 
been acquired in this work together with sharper spectra acquired with a 300 MHz 
spectrometer. 
Makatite and kanemite 2 3 Na SP spectra were acquired with two spectrometers 
at two magnetic fields. The VXR300 spectrometer (frequency = 79.346 MHz) was 
equipped with a Doty MAS probe and 7 mm zirconia rotors. The CMX200 
spectrometer (frequency = 52.938 MHz) was equipped with a Chemagnetics HX probe 
and 7.5 mm zirconia Pencil rotors. Pulse-durations were approximately half the 
optimum value for the sodium chloride solution reference. Further experimental details 
may be found in table 5.25. The spectra are shown in figures 5.37 and 5.38. Apparent 
chemical shifts, 8Na*> and a measure of the width of the total signal are listed in table 
5.26. 
Silicate Sample Spectro- Numbers Recycle Spinning 
meter of Delay Rate 
Transients /s /kHz 
Makatite mka VXR300 200 2 5.20 
Kanemite kna VXR300 500 2 5.07 
Makatite mka CMX200 788 1 1.96 
Kanemite knb CMX200 1024 1 4.08 
Table 5.25 Acquisition parameters for 79.346 MHz (VXR300) and 
52.938128 MHz (CMX200) 23Na SP spectra of makatite and kanemite. 
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Figure 5.37 Sodium-23 SP spectra with a spectrometer frequency of 79.346 MHz: 
a) makatite (sample mka); and b) kanemite (sample kna). 
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Figure 5.38 Sodium-23 SP spectra with a spectrometer frequency of 
52.938128 MHz: a) makatite (sample mka); and b) kanemite (sample 
kna). 
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Silicate Sample Spectrometer 
Frequency 
/MHz 
Apparent 
Chemical 
Shift, oW 
/ppm 
Total Width, 
A* 
/Hz 
Makatite mka 79.346 -2.7 1300 
Kanemite kna 79.346 -12.1 2200 
Makatite mka 52.938128 -17.2 2800 
Kanemite knb 52.938128 -33.2 2900 
Table 5.26 Chemical shift and line-width information for 23Na SP spectra of 
makatite and kanemite. The apparent chemical shift relates to the 
frequency of the signal maximum, while the width is the full-width at 
half-height of the whole absorption. 
The known unit cell of makatite contains two distinct sodium ions in a 1:1 
ratio.1 6 Assigning these makatite spectra with respect to this unit cell is not possible 
as they are too distorted. Similarly, little information can be obtained from the 
kanemite spectra. The distortions can be attributed to second order quadrupolar 
effects as the chemical shift appears to depend heavily on the spectrometer frequency. 
Since there are second-order effects it is probable that only the central transitions are 
being excited. 
The 23Na SP spectra obtained by Nesbitt for these samples were similarly 
uninformative.1 However, better spectra might be acquired with a higher spectrometer 
frequency: the absorptions would be narrower and distinct sodium species might be 
resolvable. Alternatively, interesting spectra might be obtained with any of the special 
techniques for quadrupolar nuclei, such as DAS, DOR, VAS or sonically-induced 
NMR. Mueller et al. obtained a successful 23Na DAS spectrum for a Na2C2C«4 
sample which had a similar 23Na SP/MAS spectrum to the 52.8 MHz spectrum of 
kanemite in this work (figure 5.38b).6i 
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5.5.4 Octosilicate, Magadiite and Kenyaite 23Na Single-Pulse Spectra 
Nesbitt acquired 23Na SP spectra for several magadiite and kenyaite samples. 
Some had two peaks while others had one signal. The extra peak was assumed to be 
structurally important as it gave no signal on cross-polarisation and could be assigned 
to isolated sodium ions.!>58 in this work several new octosilicate, magadiite and 
kenyaite samples were available for study, together with some that had probably 
previously been analysed by Nesbitt. Examples of each silicate have been found with 
one and two 23Na SP signals. As with makatite and kanemite, 2 3 Na SP spectra for 
these samples have been obtained at two spectrometer frequencies. 
Single-pulse 23Na spectra have been acquired using the CMX200, CXP200, 
VXR300 and Varian Unity Plus 300 spectrometers. These have been equipped with 
Chemagnetics HX and Doty MAS probes. The former used 7.5 mm zirconia Pencil 
rotors, while the latter used 7 mm zirconia or sapphire rotors. With all the spectro-
meters, standard single-pulse sequences were used. Further experimental details may 
be found in table 5.27. Spectra are shown in figures 5.39, 5.40, 5.41 and 5.42; 
contiguous plotting was not always possible as different spectrometers were used. 
Apparent chemical shift and line-width details are listed in table 5.28. 
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Silicate Spectro- Spectro- Numbers Recycle Spinning-
(Sample) meter meter of Time Rate 
Frequency Transients /s /kHz 
Octosilicate 52.938 CMX200 16 2 2.06 
(oca) 79.342 Unity Plus 200 2 4.0 
Magadiite 52.938 CMX200 100 1 2 
(mgf) 79.342 Unity Plus 300 2 4.3 
Kenyaite 52.938 CMX200 260 1 2.04 
(kyb) 79.346 VXR300 20 30 3.92 
Octosilicate 52.938 CMX200 12 60 4.1 
(occ) 79.342 Unity Plus 28 30 4.1 
Magadiite 52.938 CMX200 156 100 4 
(mga) 79.346 VXR300 40 30 3.90 
Kenyaite 52.938 CXP200 244 10 3.9 
(kya) 79.342 Unity Plus 32 30 2.5 
Table 5.27 Experimental details for the acquisition of 23Na SP spectra of two 
samples each of octosilicate, magadiite and kenyaite. 
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Figure 5.39 Single-pulse 23Na spectra (spectrometer frequency = 52.938 MHz) for 
three layered sodium polysilicate hydrate samples: a) octosilicate 
(sample oca); b) magadiite (sample mgf); and c) kenyaite (sample kyb). 
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Figure 5.40 Single-pulse 2 3 Na spectra (spectrometer frequency = 52.938 MHz) for 
three layered sodium polysilicate hydrate samples: a) octosilicate 
(sample occ); b) magadiite (sample mga); and c) kenyaite (sample kya). 
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Figure 5.41 Single-pulse 23Na spectra (spectrometer frequency = 79.3 MHz) for 
three layered sodium polysilicate hydrate samples: a) octosilicate 
(sample oca); b) magadiite (sample mgf); and c) kenyaite (sample kyb). 
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Figure 5.42 Single-pulse 23Na spectra (spectrometer frequency = 79.3 MHz) for 
three layered sodium poly silicate hydrate samples: a) octosilicate 
(sample occ); b) magadiite (sample mga); and c) kenyaite (sample kya). 
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Silicate 
(sample) 
52.9 
SNa*/ 
ppm 
38 MHz 
Freqi 
AyJ 
Hz 
Spectron 
lency 
ONa*/ 
ppm 
leter 
A./2/ 
Hz 
79. 
SNa* / 
ppm 
3 MHz S 
Freqi 
AyJ 
Hz 
pectrome 
iency 
ONa*/ 
ppm 
rter 
A./2/ 
Hz 
Octosilicate 
(oca) 
-4.0 
-5.6f 
330$ -2.1 
-3. I f 
210J 
Magadiite 
(mgf) 
-4.6 350 -2.6 225 
Kenyaite 
(kyb) 
-4.3 400 -1.9 200 
Octosilicate 
(occ) 
7.0 150 -4.8 430 7.1 125 -2.4 200 
Magadiite 
(mga) 
7.1 210 -3.1 320 7.3 140 -1.7 200 
Kenyaite 
(kya) 
7.5 250 -4.0 400 7.1 200 -2.3 225 
Table 5.28 Apparent chemical shifts, 5Na*> and full-widths at half peak, Ay2, 
heights for the 2 3Na SP spectra of two samples each of octosilicate, 
magadiite and kenyaite. Chemical shifts are measured relative to 
aqueous sodium chloride (1 mol dm-3). As there is some variation in 
the spectrometer frequencies and standard solutions that have been 
used, they are reproducible to +0.5 ppm, only. tUnresolved doublet. 
JThe total width of the doublet. 
Two types of octosilicate, magadiite and kenyaite sample have been identified. 
Some samples have a single 23Na SP peak while two are observed in others. These 
were the only two kenyaite studies available for this work, but all the other magadiite 
and octosilicate samples that were tested gave 23Na SP spectra with a single signal 
around 8Na* -3, at 52.938 MHz. The samples with two signals seem to be rarer and 
literature examples of such samples have all been natural. 1.28 However, there is no 
simple correlation between sample-origin and the number of signals- natural samples 
have given only one signal in the work of Nesbitt,1 while the octosilicate sample in this 
work is, of course, synthetic. 
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The chemical shift and line-width details in table 5.28 show that the single 
peak observed in most samples is similar to the low-frequency line in any spectra with 
two peaks. It is likely that the species responsible for these signals is the same and 
present in all samples of octosilicate, magadiite or kenyaite. Thus, the second signal 
in some samples corresponds to sodium ions of a type which are not found in the other 
samples. 
The chemical shifts of the rarer, high-frequency signals are approximately the 
same in all three samples at both magnetic fields- the observed range of the values, 
0.5 ppm, is the same order as the reproducibility of the measurements. There is much 
more variation in the lower frequency signal chemical shifts. These vary from sample 
to sample and also vary significantly with magnetic field. It can be concluded that 
second-order effects are being observed with the lower-frequency signals only. 
Both spectra of octosilicate (sample oca) consist of a convoluted absorption at 
a negative chemical shift. The shape of the lines could be caused by overlapping 
distinct species or quadrupolar interactions distorting a single signal. The low-
frequency signal of octosilicate (sample occ) is distorted at the higher magnetic field, 
only. Since second-order quadrupolar effects decrease with increasing magnetic field, 
it is likely that slightly different sodium species are being resolved in these spectra. 
Spectra obtained at a still higher magnetic field might confirm such a conclusion. 
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5.5.5 Identification of the Species Responsible for Extra 23Na Single-Pulse Signals 
Two types of octosilicate, magadiite and kenyaite sample have been identified 
by 23Na NMR. For octosilicate, particularly, 1H MAS and 2 9 Si NMR spectra are very 
similar for the two types of sample (see sections 5.1.6 and 5.2.4). Powder X-ray 
diffraction patterns were measured for both types of octosilicate sample to investigate 
any structural differences which might be responsible for the extra sodium species. 
Figure 5.43 shows powder X-ray diffraction patterns for two octosilicate 
samples. Sample ocb has a single 23Na SP signal, while sample occ has two signals. 
These were acquired with a Phillips PW1050 powder diffractometer. The results were 
analysed using Sietrononics trace processing software for spike removal, Cu Kot2 
subtraction and d-spacing calculation. In both cases, the patterns are similar to those 
previously reported for octosilicate24 and the strong peak at 8.20° 28 corresponds to a 
basal-spacing, dooi, of 11.1 A. There are extra, intense lines in the pattern for sample 
occ at 31.68° 20 and 45.42° 26. These and some smaller signals are clearly shown in 
figure 5.43(c) which is the difference of the two patterns- the negative peaks are an 
octosilicate powder pattern and the positive peaks correspond closely to a sodium 
chloride pattern figure 5.43(d). Therefore, it seems likely that the extra signal 
observed in some samples of octosilicate, magadiite and kenyaite is due to 
contamination with sodium chloride. 
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Figure 5.43 Powder X-ray diffraction patterns: a) octosilicate (sample ocb); b) 
octosilicate (sample occ); c) the difference between (b) and (a); and d) 
sodium chloride. 
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To test the hypothesis, a 2 3 Na single-pulse spectrum of an octosilicate (sample 
occ, 0.1009 g) and sodium chloride (0.0510 g) mixture was acquired using the 
CMX200 spectrometer, equipped with 7.5 mm zirconia Pencil rotors (figure 5.44). 
The acquisition parameters were 16 transients, a recycle-delay of 75 s and a spinning-
rate of 3 kHz. 
The spectrum consists of two isotropic lines at O N A * 7.0 and 8N s * -5 together 
with several spinning side-bands. The peaks can be integrated to give a value of 16 
for the ratio of $Na* 7.0 signals (and spinning side-bands) to the lower-frequency 
signal. The spectrum can be compared with figure 5.40(a), the 23Na SP spectrum of 
octosilicate (sample occ). The only effect of adding salt to octosilicate is an increase 
in the relative intensity of the &sa* 7 signal. Therefore, it is very likely that sodium 
chloride is responsible for this signal and the similar signals in magadiite (sample 
mga) and kenyaite (sample kya). 
Figure 5.44 Sodium-23 SP spectrum of an octosilicate and sodium chloride 
J 
100 
8Na / ppm 
T I | I I — l — I — | — I — I — I — I — | — I — I — I — l — | — l — i 
50 -0 -50 -100 
mixture. 
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5.5.6 Reassessment of the 23Na NMR Data 
The powder X-ray diffraction patterns in figure 5.43 clearly show that the 
extra 2 3 Na SP signal for some octosilicate, magadiite and kenyaite samples is due to 
contamination with sodium chloride. Thus, the interesting conclusion of Nesbitt, 
concerning the intralayer siting of the relevant sodium species has been disproved. 
Prior to obtaining the p-XRD result, comparison of the two types of 23Na NMR signal 
and the two types of sample had appeared an essential area for research in this work. 
Therefore, many NMR results have been attained which are now of limited 
importance. These results and the results from the preceding section are summarised 
in table 5.29. 
Experiment Sodium Chloride 
Signal 
Layered Sodium 
Polysilicate 
Hydrate Signal 
Further Information 
Apparent ca. 7 -2 to -5 A general result-
Chemical Shift, all samples at both 
§Na* / P P m magnetic fields 
Effect of Little significant Sharper lines are A general result-
Increasing the change. obtained at less- all samples at both 
Spectrometer negative apparent magnetic fields 
Frequency chemical shifts. 
Cross-Polarisation No signal Signal A general result-
Behaviour all samples at 
52.9 MHz 
Spin-Lattice 13.1 ±0.3a 0.0039 ± 0.0003a 52.9 MHz 
Relaxation Time 12.3 ± 3.3b 0.0084 ± 0.0010b Octosilicate (occ)a 
T i / s Magadiite (mga)b 
Table 5.29 Comparison of the NMR results for the two 23Na SP signals observed 
in some samples of octosilicate, magadiite and kenyaite. 
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The environment of the sodium nucleus in sodium chloride is cubic. Since this 
is a symmetrical environment, there should be no electric field gradient at the nucleus 
and a zero value for the quadrupolar coupling constant might be expected (equation 
5.19). Therefore, the invariance of the chemical shift of the 23Na SP signal with 
spectrometer frequency is understandable. There are no protons in NaCl, so a cross-
polarisation signal would not be expected. The long spin-lattice relaxation is 
consistent with the lack of protons and zero value of %• 
The chemical shift and line-widths of the layered sodium polysilicate hydrate 
23Na SP signals vary considerably with spectrometer frequency in line with second 
order effects from strong quadrupolar interactions. The silicates are hydrous, so a CP 
signal is understandable, and the short spin-lattice relaxation times are more typical of 
quadrupolar nuclei. 
Gaining quantitative information regarding the extent of the NaCl 
contamination in these samples is difficult. Firstly, the selectivity of the spectrum 
must be considered: the central transition comprises 40 % of the total signal intensity. 
Additionally, the optimum pulse-durations of the NaCl and layered sodium 
polysilicate hydrate signals in these samples are not necessarily the same, since the 
value for a selectively excited signal will be smaller than that for a case with weak 
quadrupolar interactions.64 For an approximation, the integrated intensities of the 
octosilicate (sample occ) and magadiite (sample mga) spectra in figure 5.40 will be 
used; these are 3.3:1 and 4:1, respectively for the ratio of sodium chloride signals to 
layered sodium polysilicate hydrate signals. If it is assumed that all NaCl transitions 
are observed while only the central transition for the silicate is seen, then these values 
over-estimate the ratio of moles of sodium in NaCl to moles of sodium in octosilicate 
or magadiite by a factor of 5/2. The formula mass of sodium chloride is 58.5 g moH, 
while the formulae masses of octosilicate and magadiite (Na20:8SiC«2:9H20 and 
Na2O:14SiO2:10H2O) are 704 g moH and 1082 g mol-l, respectively. If the silicate 
values are halved they represent the mass per mole of sodium. Equation 5.21 shows 
how these ratio and formula mass values can be related to the fraction of NaCl (by 
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weight) in each sample. The extent of sodium chloride contamination can be estimate 
at 18 % and 15 % by mass for octosilicate (sample occ) and magadiite (sample mga), 
respectively. 
fraction by mass of NaCl 
58.5 x ratio 
58.5x ratio + 2.5x formula mass 
xlOO % Eq. 5.21 
in octosilicate (sample occ): 
58.5x3.3 
58.5x3.3 + 2.5x^04 
xlOO % = 18 % 
in magadiite (sample mga): 
58.5x4 
58.5x4 + 2 .5x^2-
xlOO 
J 
% = 15 % 
Though the accuracy of these values must be doubted, it is clear that sodium 
chloride contamination at a significant level is responsible for the extra 23Na SP 
signals in some samples of octosilicate, magadiite and kenyaite. Such contamination 
is understandable: natural samples of these silicates come from soda-rich lakes, while 
sodium chloride is used as a starting material in the preparation of octosilicate. 
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Addenda 
Though the 23Na SP/MAS spectra in this chapter do certainly exhibit second-order 
quadrupolar effects, more information can be obtained from the chemical shifts and 
line-widths. 
Since the width of the kanemite absorption behaves regularly with spectrometer 
frequency {i.e. Ai/ 2 oc 1/VL), it is likely that the spectra contain a single signal. The 
isotropic chemical shift, 8 j s o and VQ, the quadrupole interaction constant (e2qQ/h) can 
be calculated using the following equation.6* 
Two simultaneous equations can be formed. With the reasonable simplification 
(l+n2/3)=l, these have solutions of S i s o = 4.8 ppm and VQ = 4.2 MHz. 
The octosilicate, magadiite and kenyaite spectra have signals around 8Na* -2 
and -4 for the two spectrometer frequencies. Using the same equation, these chemical 
shifts give 8iso = -1 ppm and VQ = 1.3 MHz. 
The isotropic chemical shifts can be related to the co-ordination around the 
sodium ion. If 0 ppm corresponds to co-ordination of 6, then the value for kanemite is 
smaller: possibly 5, which is observed in makatite. The calculated VQ values are typical 
of those listed by Freude and Haase for several sodium compounds * 
* D. Freude and J. Haase in NMR: Basic Principles and Progress 29, P. Diehl et 
al. (eds ), Springer-Verlag, Berlin, 1993. 
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Chapter Six Acidification and Ion-Exchange 
6.1 Introduction 
The capacity for ion-exchange is an important property of the layered sodium 
polysilicate hydrates. New silicate phases can be prepared with simple reactions 
where sodium ions are replaced by protons or metal cations. In this work, five 
different silicic acids of kanemite, octosilicate and magadiite have been prepared from 
suspensions of the parent sodium silicate in dilute hydrochloric acid. The products 
have been characterised by a variety of analytical techniques: 29Si CP NMR, 
thermogravimetric analysis, powder X-ray diffraction and lH MAS NMR. 
The treatment of minerals with acid solutions tends to give amorphous 
products, l However, crystalline phases have been reported from some silicates: meta-, 
di- and trisilicates (Schwarz and Menner, 1924);2 gillespite, (Pabst, 1958)3 apophyl-
lite, carletonite and gillespite (Lagaly and Matouschek, 1980);4 and KHSi20s (Wey 
and Kalt, 1967).5 The layered sodium polysilicate hydrates also produce crystalline 
phases. 
There are several possible ways of naming silicate acidification products and 
the general term silicic acid will be used in this work. They have also been called 
"crystalline phyllosilicic acids", "crystalline silica hydrates" and the term "leached" 
can be used (leached kenyaite, for example). No systematic nomenclature exists for 
naming individual silicic acids; an H- prefix will be used to name those derived from 
minerals (H-magadiite, H-apophyllite, etc.)A Mineral names (magadiite, for example) 
will be used solely to refer to sodium forms, though a prefix, Na-, might sometimes be 
added for emphasis. 
Many authors have investigated the exchange of sodium for protons over the 
last thirty years and the work of Beneke, Lagaly and co-workers has been particularly 
extensive. 1.6-10 The resultant silicic acids have been characterised by several 
techniques, including powder X-ray diffraction, thermogravimetric analysis and, more 
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recently, 29Si NMR. The analyses reveal that the products are still hydrated layered 
materials, though they have smaller basal spacings and less structural water. H-
Makatite has been studied Schwieger et a/.U They reported a 7 ppm change in the 
makatite Q3 chemical shift on acidification. No NMR studies of kanemite 
acidification products have been reported, though work by Beneke and Lagaly6 and 
Kalt and Weyl2 indicated that the products are disilicic acids. Several stable forms of 
H2Si2C«5 have been reported, along with many NMR, p-XRD and TGA analyses.13,14 
Borbely et al. prepared two H-octosilicate samples. Mild heating created one form 
from the other and caused a large change in 29Si Q3 chemical shift. 15 Heidemann et 
al. reported 29Si NMR spectra for what was probably the high-temperature form.16 
Previously, Her had shown that drying an H-octosilicate sample at 30 °C gave a 
product with a smaller basal spacing. 17 Many examples of H-Magadiite exist in the 
literature, with some variation in reported basal-spacings. In 1969, Brindley made the 
first silicic acid with a basal-spacing of 11.2 A. 18 A similar value for H-magadiite has 
been reported by two authors,i9-20 but values of ca. 13 A have also been 
reported. 8,16,21-23 The work of Lagaly et al. indicated that one phase changed into the 
other at 250 °C.8 Beneke and Lagaly showed that leaching kenyaite could result in 
many different phases, with a variety of basal spacings. 1 Heidemann et al. 16 and 
Yanagisawa et al!2® reported 29Si NMR spectra for single H-kenyaite samples. 
6 Acidification and Ion-Exchange Page 193 
6.2 Synthesis 
Several different ways have been reported for the preparation of silicic acids 
from layered sodium polysilicate hydrates. Many authors (Pinnavaia et al.22 and 
Sprung et a/.,23 for example) have used the method of Lagaly et al$ for preparing H-
magadiite: an aqueous suspension of the silicate (10-20 g per 100 ml of H2O) is 
acidified by HC1 (0.1 N) to pH 2 within 24 hours. The pH is kept stable for another 
24 hours then the product is washed with water and air-dried. 
Dailey and Pinnavaia21 acidified an aqueous suspension of magadiite (18.5 g 
in 460 ml) with dilute aqueous HC1 (0.1 N) to pH 1.9 over 12 hours. This was then 
centrifuged to obtain a solid product which was washed with water until chloride-free 
and dried in air at 40 °C. Schwieger et alM made H-makatite by a room-temperature 
reaction of makatite with HC1 (1 N) in a solid-to-liquid ratio of 1:100. Heidemann et 
a/ . 1 6 prepared H-octosilicate, H-magadiite and H-kenyaite by stirring the parent Na-
forms with a threefold excess of HC1 (0.1 N) for 24 hours at 20 °C. Brindleyl8 treated 
natural magadiite with HC1 (N/10) and washed the H-magadiite product until it was 
chloride-free. Borbely et a / . 1 5 ion-exchanged sodium octosilicate with hydrochloric 
acid (1 mol dm-3, 100 ml g-1). The product was washed until the effluent was acid-
free and then dried at room temperature. Beneke and Lagaly1 reported that if kenyaite 
was stored in an excess of dilute mineral acid (for instance, HC1 (0.1 mol dm-3)), then 
all interlayer sodium ions are replaced by protons. Leached silicates can also be 
prepared by careful titration or by treatment with aqueous aluminium salt solutions. 
The method that has been used in this work is based on that of Schwieger et al. 
for makatite.11 Thus, suspensions of the layered silicate (1 g) in an aqueous acid 
solution (100 cm3) were stirred for between 30 minutes and 24 hours. The product 
was then filtered (fluted filter-paper, ambient pressure) and allowed to dry in air. 
Several silicic acids were made using this general method; more specific details are 
listed in table 6.1. A single sample of Al3+-washed octosilicate was produced at 
Unilever Port Sunlight Research Laboratories. 
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Parent Na-Silicate Acid Solution Reaction 
Time 
/ hours 
Product 
Kanemite (knc) HC1 (1 mol dm-3) 0.5 H-Kanemite (hka) 
Kanemite (knc) HC1 (1 mol dm-3) 24 H-Kanemite (hkb) 
Octosilicate (occ) HC1 (1 mol dm-3) 1 H-Octosilicate (hoa) 
Octosilicate (ocb) t t H-Octosilicate (hob) 
Octosilicate (ocb) HC1 (1 mol dm-3) 5 H-Octosilicate (hoc) 
Magadiite (mgb) A13+ (0.1 mol dm-3) 5 H-Magadiite (hma) 
Magadiite (mgc) HC1 (1 mol dm-3) 0.75 H-Magadiite (hmb) 
Table 6.1 Experimental details for the preparation of seven silicic acids from 
kanemite, octosilicate and magadiite. fPrepared by Dr. P. Graham at 
Unilever Port Sunlight Laboratories. 
All the products were initially analysed by 29Si NMR. The spectra showed 
that two types of H-octosilicate and H-magadiite were prepared. Thus, the seven 
silicic acids listed in table 6.1 correspond to five distinct phases. The two H-kanemite 
samples and two of the H-octosilicate samples (hob and hoc) were very similar. 
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6.3 Silicon-29 NMR 
This section contains 29Si CP spectra for the five different types of silicic acid 
sample that have been prepared from kanemite, octosilicate and magadiite. The cross-
polarisation technique was chosen because high quality spectra could be acquired 
more quickly than with the single-pulse method. 
The spectra were obtained using the CMX200 spectrometer, equipped with 
either a Doty MAS probe and 7 mm zirconia rotors or a Chemagnetics HX probe and 
7.5 mm zirconia Pencil rotors. Further experimental details are listed in table 6.2. 
Contact times were chosen on the basis of variable contact time experiments. The 
spectra are shown in figure 6.1 and chemical shift and line-width information is listed 
in table 6.3. 
Silicic Acid Sample Spinning- Number Recycle Contact Probe 
Rate of Time Time 
/kHz Transients / s /ms 
H-Kanemite hkc 2.0 32 2 4 HX 
H-Octosilicate hoa 1.98 64 2 4 HX 
H-Octosilicate hob 2 36 3 3 Doty 
H-Magadiite hma 2 128 3 4 Doty 
H-Magadiite hmb 2.04 128 2 5 HX 
Table 6.2 Experimental Details for the acquisition of 29Si CP spectra for five 
silicic acid samples. 
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Figure 6.1 Silicic acid 29Si CP spectra: a) H-kanemite (sample hkc); b) H-
octosilicate (sample hoa); c) H-octosilicate (sample hob); d) H-
magadiite (sample hma); and e) H-magadiite (sample hmb). 
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Silicate Sample Peak 8si/ppm Avi/Hz 
H-Kanemite hka Q3 -98.6 50 
H-Octosilicate hoa Q 3 -98.9t 
-104.4 44 
Q4 -112.0t 
-113.2 44 
H-Octosilicate hob Q3 -98.4$ 60 
Q 3 -99.0$ 
Q4 -111.2 34 
H-Magadiite hma Q3 -102.5 66 
Q4 -111.8 60* 
Q4 -113.1 60* 
Q4 -114.9 60* 
H-Magadiite hmb Q 3 -101.4 95 
Q4 -109.1 75* 
Q4 -112.0 150* 
Q4 -114.6 75* 
Table 6.3 Chemical shift and line width information for 2 9 S i CP spectra of five 
silicic acids. tWeak lines due to an impurity. tTwo lines of 
approximately equal intensity and line-width (ca. 30 Hz). *Estimated 
line-widths of weak signals. 
The spectra of H-kanemite (sample hka) and H-octosilicate (sample hob) are 
very similar to those of samples hkb and hoc, respectively (not shown). Five types of 
silicic acid have been prepared- there is a significant difference between the chemical 
shifts of the two types of H-octosilicate and H-magadiite sample. The weak signals in 
H-octosilicate (sample hoa) appear to come from a small amount of the other type of 
H-octosilicate sample. 
No H-kanemite samples have been reported in the literature, but the spectrum 
of sample hka can be compared with the acidification products of a-NaSi20s, 
KHSi205 and (3-NaSi2C>5. Beneke and Lagaly reported that these disilicic acids 
(H2Si205-II, H2Si205-III and H2Si20s-IV, respectively) are produced when kanemite 
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is washed with acid.6 Heidemann et al.2* reported 29Si NMR spectra for acid-washed 
a- and 3-NaSi2Qs, while Millar and Garces1^ and Deng et alM have acquired similar 
spectra for several acid-washed KHSi20s samples. The H-kanemite spectrum in this 
work is most similar to that of the Probe-B sample of Heidemann et al, obtained from 
(3-NaSi205 (i.e. H2S12O5-IV). This contains a signal at 5si -98.4 with an extra 
shoulder at 8si -101.9, which is not observed with H-kanemite. 
Three H-octosilicate 29Si NMR spectra have been reported, previously. The 
silicic acid of Borbely et al.15 (8si -99 and -111) changed to a different form on 
heating (5si -103 and -111), while Heidemann et a / . 1 6 prepared a single sample (8si 
-104.0 and -112.2). In this work, the chemical shifts of H-octosilicate (sample hob) 
are found to be similar to those of the low-temperature form of Borbely et al. and 
those of sample hoa are similar to the results for the single sample of Heidemann et al. 
and the high-temperature form of Borbely et al. 
Several authors have obtained 2 9 S i NMR spectra for single H-magadiite 
samples, with some variation in the reported chemical shifts. No attempt will be made 
to relate samples hma and hmb to previously-reported silicic acids. 
In general, the silicic acid spectra have the same number of signals as the 
parent sodium forms, but they are broader and shifted. Since the spectral multi-
plicities are the same, it is likely that the silicic acids retain many of the structural 
features of their parent sodium forms. Thus the layered nature, degree of 
condensation and topology of the silicate layers are not affected significantly by the 
acidification reaction. The line-broadening can be attributed to a wider diversity of 
crystallographically distinct sites, or an increase in the number of crystallographic 
defects, rather than any variation in natural line-widths. Variation in chemical shifts 
is more interesting and merits further consideration. Table 6.4 compares the Q 3 2 9 S i 
chemical shifts of the silicic acids and their parent sodium silicates. A similar table 
was compiled by Schwieger et al.11 
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Parent Silicate 
(Sample) 
Q3 5 S i 
/ppm 
Silicic Acid 
(Sample) 
Q 3 8si 
/ppm 
Difference 
/ppm 
Na-Kanemite (knc) -97.6 H-Kanemite (kna) -98.6 -1.0 
Na-Octosilicate (occ) -100.3 H-Octosilicate (hoa) -104.4 -3.1 
Na-Octosilicate (ocb) -100.2 H-Octosilicate (hob) -99.7 +1.5 
Na-Magadiite (mgb) -99.5 H-Magadiite (hma) -102.5 -3.0 
Na-Magadiite (mgc) -99.5 H-Magadiite (hmb) -101.4 -1.9 
Table 6.4 The effect of the acidification reaction on the 29Si Q3 chemical shifts. 
Two factors might change the 29Si chemical shift as layered sodium 
poly silicate hydrates are treated with acid. As sodium ions are replaced by protons, 
the silicate layers could rearrange. Losing sodium ions varies the electronegativity of 
the groups surrounding the silicon nuclei, while structural changes will alter bond-
angles and bond-lengths. Structural changes have been shown empirically to affect 
8si (see section 5.1.2). Schwieger et alM attributed the large chemical shift 
difference (ca. 7 ppm) between makatite and H-makatite to such structural 
differences, while Borbely et alA$ proposed that the silicate layer in octosilicate was 
sheared considerably in the formation of an H-octosilicate sample. 
The expected 5si change on replacing sodium ions with protons can be 
estimated using an empirical relationship proposed by Janes and 01dfield,25 (equation 
6.1). Silicon-29 chemical shifts of silicates can be predicted by summing the group 
electronegativities, EN, of the four ligands surrounding the silicon atom. These values 
have been determined for many possible ligands, including ONa and OH, with values 
of 3.4395 and 3.5822, respectively. Equation 6.2 shows the expected difference in 
chemical shift, A5, between a sodium siloxide, (SiO)3Si-ONa and a silanol, (SiO)3Si-
OH (a negative value indicates a lower frequency for the silanol peak). 
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8 Si / ppm = -24.336 ZEN + 279.27 Eq. 6.1 
A5/ppm = -24.336(3.5822-3.4395) = -3.47 Eq. 6.2 
Thus, a low-frequency shift on acidification of 3.5 ppm can be predicted. 
Since this is approximately the value observed for two of the silicic acids in this work, 
it can be speculated that the bond-angles and bond-lengths in H-octosilicate (sample 
hoa) and H-magadiite (sample hma) are similar to those in the parent sodium silicates. 
Significantly smaller values of 8si are seen for the other silicic acids. This implies 
that there is some distortion of the silicate layers in these samples on acidification. In 
considering such conclusions it must be remembered that the Na-silicate Q 3 silicon 
nuclei are unlikely to be sodium siloxides- 1H NMR indicates that the layered sodium 
poly silicate hydrates contain hydrogen-bonded silanol groups, =Sj-0—H-0-Sis, where 
the sodium ion is less strongly-bonded (see section 5.2). 
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6.4 Thermogravimetric Analysis 
Thermogravimetric analysis has been used previously to analyse samples of the 
layered sodium polysilicate hydrates (see section 5.2.9). Total water contents were 
estimated from the results and two types of proton species were identified. Similar 
information should be obtained from the analysis of the silicic acids. 
Five silicic acid samples underwent thermogravimetric analysis using a Perkin-
Elmer TGA7 machine. The H-octosilicate and H-magadiite samples (hoa, hob, hma 
and hmb) were heated up to 800 °C while analysis of the H-kanemite sample (hka) 
was restricted to a maximum temperature of 400 °C. In previous work, higher 
temperatures had induced the formation of a glassy phase which could not be removed 
from the crucibles. Traces for the analyses are shown in figures 6.2, 6.3 and 6.4, 
while details for the temperatures of discernible events and weight-loss data are listed 
in table 6.5. 
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Figure 6.2 Results for the thermogravimetric analysis of H-kanemite (sample 
hkb): weight (unbroken line, y-axis scale, % units) and rate of weight-
loss (broken line, arbitrary units with dimensions of mass/time). 
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Figure 6.3 Results for the thermogravimetric analysis of h-octosilicate: a) sample 
hoa; and b) sample hob. In each case, the two lines represent weight 
(unbroken line, y-axis scale, % units) and rate of weight-loss (broken 
line, arbitrary units with dimensions of mass/time). 
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Figure 6.4 Results for the thermogravimetric analysis of h-magadiite: a) sample 
hma; and b) sample hmb. In each case, the two lines represent weight 
(unbroken line, y-axis scale, % units) and rate of weight-loss (broken 
line, arbitrary units with dimensions of mass/time). 
6 Acidification and Ion-Exchange Page 204 
Silicic Acid Sample Ev( 
Temperature 
/ ° c 
:nts 
Weight-Loss 
/% 
Overall 
Weight-Loss 
/% 
H-Kanemite hkb 60 
190 
230 
290 
4 
2 
2.5 
2.5 
14 
H-Octosilicate hoa 120 
400 
5 
5 
13.0 
H-Octosilicate hob 310 5 7.7 
H-Magadiite hma 70 
360 
610 
4 
2 
2 
10.2 
H-Magadiite hmb none n/a 2.9 
Table 6.5 Thermogravimetric analysis results for five silicic acid samples. 
In section 5.2.9, thermogravimetric analysis events were related to two 
processes by their temperatures and rates. Loss of molecular water occurs at low 
temperature in discernible features, i.e. peaks in the differential traces, while 
condensation of silanol groups occurs more slowly at higher temperatures. Using 
similar reasoning here, it might be concluded that H-kanemite, H-octosilicate (sample 
hoa) and H-magadiite (sample hma) contain significant amounts of molecular water, 
while H-octosilicate (sample hob) and H-magadiite (sample hmb) principally contain 
protons as silanol groups. Further calculations are possible. 
The total amount of water in each silicic acid sample can be related to a 
formula, Si02:xH20. Using values of 60 and 18 for the formula masses of SiC>2 and 
H2O, respectively, the total weight-loss, y %, can be related to x using equation 6.3. 
This can be rearranged to give equation 6.4. 
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y % = 
n o o x i s x ^ 
l l 8 x + 60 J 
% Eq. 6.3 
x = — 
1 1 Eq. 6.4 
30 { y 100) 
Thus, a formula, Si02:xH20, can be determined from a TGA weight-loss, y %. 
These will be accurate if it is assumed that the proton/sodium exchange was complete 
and the total weight loss measured by TGA accurately reflected the water content of 
the sample. Such assumptions should be considered further. 
The extent of the exchange of sodium ions for protons has been quantified by 
Her, for H-octosilicatel"7 and Pinnavaia et al. and Rojo et al, for H-magadiite.19,22 
The level of sodium in these silicic acid products was low: 0.008 %, <0.001 % and 
0.3 %, respectively. Other authors have quoted elemental analysis data which implies 
that their silicic acid products contain no sodium. 1,6,8,16,19 Therefore, it can be 
assumed that the silicic acids prepared in this work contain no sodium. For some 
samples, this has been verified by 2 3 Na NMR, where insignificant signals are seen. 
Thermogravimetric analysis might under-estimate the overall water content as 
the duration and maximum temperature of the analysis might be insufficient to drive 
off all the water in the sample. Lagaly et al. showed that this was plausible- an H-
magadiite sample (14Si02-6.4H20) still contained some protons even after heating to 
1200°C (14Si02.1.5H20).8 In this work, some samples appear to be still losing 
weight at the maximum analysis temperatures. Therefore, the total water content of 
these samples might be larger than that indicated by TGA. 
Overall, equation 6.4 should provide reasonably accurate formulae, 
Si02:xH20, though the value of x might be under-estimated. These are listed in 
table 6.6. 
6 Acidification and Ion-Exchange Page 206 
Silicic Acid Sample y /% X Formula 
H-Kanemite hkb 14 0.54 SiO2:0.54H2O 
H-Octosilicate hoa 13.0 0.50 SiO2:0.50H2O 
H-Octosilicate hob 7.7 0.28 SiO2:0.28H2O 
H-Magadiite hma 10.2 0.38 SiO2:0.38H2O 
H-Magadiite hmb 2.9 0.10 SiO2:0.10H2O 
Table 6.6 Experimentally-derived formulae for five silicic acid samples. 
As predicted by Beneke and Lagaly, the formula for the H-kanemite sample 
corresponds very closely to that of a disilicic acid, H 2 Si 2 05 or SiO2:0.5H2O. This 
would be expected to contain protons as silanol groups only. Since the 
thermogravimetric analysis trace for this sample contained several low-temperature 
events, silanol groups do not always condense slowly at high temperatures. Millar and 
Garces reported similar traces for acidified KHSi 2Os samples.14 
The H-octosilicate and H-magadiite total weight losses can be compared with 
theoretical values for silicic acids which contain protons solely as silanol groups. 
Equation 6.5 shows that the formula of a layered sodium polysilicate hydrate, 
Na20:ocSi02:PH20, can be represented as that of a hydrated sodium hydrogen silicate. 
If acidification exchanges all the sodium ions for protons, the product will have a 
formula, aSi02:2H 20 if it contains no molecular water (equation 6.6). A theoretical 
water content, z %, can be calculated for such a silicic acid with equation 6.7. Table 
6.7 compares theoretical and experimental water contents for H-octosilicate and 
H-magadiite. 
Parent Silicate: Na20:aSi0 2:pH 20 = Na2H2Sia02a+2.(P-l)H20 Eq.6.5 
Silicic Acid: H 4 S i a 0 2 a + 2 = aSi0 2 :2H 2 0 Eq. 6.6 
„, r, 2x18x100 300 „ _ 
Water Content: z = = Eq. 6.7 
60<x+2xl8 5ct + 3 
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Silicic Acid Sample Experimental 
Water Content 
y /% 
Parent Silicate a Theoretical 
Water Content 
z / % 
H-Octosilicate hoa 13.0 Octosilicate 8 7.0 
H-Octosilicate hob 7.7 Octosilicate 8 7.0 
H-Magadiite hma 10.2 Magadiite 14 4.1 
H-Magadiite hmb 2.9 Magadiite 14 4.1 
Table 6.7 Theoretical and experimental silicic acid water contents. 
Table 6.7 shows that two types of silicic acid have been prepared from 
octosilicate and magadiite. The water contents of H-octosilicate (sample hob) and 
H-magadiite (sample hmb) are similar to those of the theoretical silicic acid samples 
which contain protons solely as silanol groups. The other two samples, H-octosilicate 
(sample hoa) and H-magadiite (sample hma) lose more weight on heating- this can be 
attributed to the presence of molecular water. Therefore, the two types of H-
octosilicate and H-magadiite can be considered to be anhydrous and hydrated samples. 
The Q 3 2 9 S i chemical shifts of the two H-octosilicate sample are consistent 
with the high- and low-temperature forms reported by Borbfly et al. However, in the 
work of Borbely et al, the sample with the low-frequency chemical shift was the low-
temperature form, while in this work it is the anhydrous form. Logically, a low-
temperature hydrated form would be expected. 
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6.5 Proton MAS NMR 
This section contains !H MAS spectra of the five types of silicic acid samples. 
Such spectra have not been previously reported. 
The spectra were acquired using the CMX200 spectrometer, equipped with 
either a Doty MAS probe and 7 mm zirconia rotors or a Chemagnetics HX probe and 
7.5 mm zirconia Pencil rotors. In both cases a standard single-pulse sequence was 
used. Further experimental details may be found in table 6.8, while the spectra are 
displayed in figure 6.5. Chemical shifts and line-widths are listed in table 6.9. 
Silicate Sample Probe Numbers Recycle Spinning-
of Delay Rate 
Transients / s /kHz 
H-Kanemite hkc HX 16 2 4 
H-Octosilicate hoa HX 32 2 1.96 
H-Octosilicate hoc HX 32 3 4 
H-Magadiite hma HX 16 2 4 
H-Magadiite hmb Doty 16 2 4 
Table 6.8 Experimental details for 1H MAS spectra of five silicic acid samples. 
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8H / ppm 
H-1 r — i I 1 1 1 1 I 1 
150 50 100 50 100 150 
Figure 6.5 Proton MAS spectra for five silicic acid samples: a) H-kanemite 
(sample hkb); b) H-octosilicate (sample hoa); c) H-octosilicate (sample 
hoc); d) H-magadiite (sample hma); and e) H-magadiite (sample hmb). 
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Silicate Sample 8H A*4 
/ppm / H z 
H-Kanemite hkc 5.7 500 
H-Octosilicate hoa 2.0 300 
H-Octosilicate hoc 1.3 500 
4.9 500 
H-Magadiite hma 2.0 500 
4.6 1500 
H-Magadiite hmb 1.8 500 
5.6 1000 
Table 6.9 Chemical shift and approximate line-widths for the five silicic acid 
spectra in figure 6.5. 
The spectrum of H-kanemite contains a single line at 8H 6 - this is 
approximately the same chemical shift as that reported by Millar and Garces 1 4 for a 
disilicic acid, d-H2Si20s, prepared from KHSi20s. If the H-kanemite sample is a 
disilicic acid, as indicated by TGA and 2 9 S i NMR, then silanol protons are being 
detected. In the parent Na-kanemite, the silanol protons are strongly hydrogen-bonded 
(8H 15). The strength of the H-bonding is clearly weaker in the silicic acid, 
corresponding to larger oxygen-oxygen distances. Deng et alA3 observed similar 
acidification behaviour with KHSi20s, for which the structure is known.26 Strong 
interlayer H-bonds, -O-H-O-, are present in KHSi20s. On acidification, these are 
protonated, and repulsion between silanol groups might force the silicate layers apart 
(see figure 6.6). This is a plausible model for the structural changes that occur as 
kanemite is washed with acid. Additionally, it is possible that the arrangement of the 
hydrogen bonds in KHSi20s and Na-kanemite are similar. 
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Figure 6.6 A schematic diagram to show the effect of acidification on the 
structure of KHSi20s. 
The spectrum of H-octosilicate (sample hoa) contains a single isotropic line at 
§ H 2 with several spinning side-bands. Thermogravimetric analysis showed that there 
were likely to be silanol and water protons in this sample. The chemical shift of the 
single observed signal is typical of silanol protons, but the broad spread of spinning 
side-bands is more typical of water protons (see section 5.2.2). It is possible that these 
species are exchanging rapidly in this sample. 
The spectra of the other three samples are fairly similar. They all contain two 
lines at 8H 1 to 2 and 5H 5. Under the conditions used, the probe background gives a 
sharp line around 8R 1 and a broader higher-frequency line (see figure 7.25a). 
Therefore, these spectra should be considered with some caution. The low-frequency 
signal in H-magadiite (sample hma) has weak spinning side-bands, which are also 
observed in H-octosilicate (sample hoa). In both samples, the thermogravimetric 
analysis results imply that silanol and water proton species are present 
The important result from all these analyses is that no strongly hydrogen-
bonded protons have been detected as high-frequency signals. This implies that 
sodium ions are responsible for their presence in the kanemite, octosilicate and 
magadiite. It is likely that the hydrogen-bonds are being formed between silanol 
protons, sSi-OH, and siloxide oxygen ions, =Si-0, with sodium ions, Na+, balancing 
the charges. Such a conformation is known to be present in KHSi20s (with potassium 
ions). It has already been stated that the kanemite H-bonding protons might be 
similar, but this is also a plausible confirmation for octosilicate and magadiite. 
Silicate Layer 
Acidification QJJ QJJ 
OH OH 
_ J L _ 
Silicate Layer 
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6.6 Powder X-Ray Diffraction 
Powder X-ray diffraction patterns have been measured for each of the five 
types of silicic acid. These should give a value for the basal spacings of these samples 
as well as providing information regarding their crystallinity. 
Powder X-Ray diffraction patterns were measured using a Phillips PW1050 
powder diffractometer. The results were analysed using Sietronics trace processing 
software for spike removal, Cu Koc2 subtraction and d-spacing calculation. The 
patterns are shown in figure 6.7 while table 6.10 lists basal spacings, dooi- This is the 
d-spacing of the lowest-angle peak and corresponds to the repeat distance of the 
silicate layers. 
Silicate Sample Basal Spacing, 
dooi / A 
Parent-Silicate 
Basal Spacing! 
dooi/A 
H-Kanemite hkb 6.10 10.3a 
H-Octosilicate hoa 9.03 11.10b 
H-Octosilicate hob 7.46 11.10b 
H-Magadiite hma 13.76 15.58c 
H-Magadiite hmb 12.08 15.58c 
Table 6.10 Powder X-ray diffraction results for the five types of silicic acid 
sample. These are compared with values for the parent sodium silicate. 
aLiterature Value.27 bSection 5.5.5. cLiterature Value.18 
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Figure 6.7 Powder X-ray patterns for five silicic acid samples: a) H-kanemite 
(sample hkb); b) H-octosilicate (sample hoa); c) H-octosilicate (sample 
hob); d) H-magadiite (sample hma); and e) H-magadiite (sample hmb). 
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In general, powder X-ray diffraction patterns of the layered sodium 
polysilicate hydrates have many sharp lines with a strong peak at a low angle, 
corresponding to the basal spacing. These silicic acid patterns have fewer broader 
lines. This is consistent with the line-broadening observed in 29$i CP spectra and can 
be attributed to a lower level of crystallinity. The basal spacings of the silicic acids 
are also smaller than those of their parent sodium forms. With most of the silicic acids 
these can be measured precisely from a strong line, but in H-kanemite the line is broad 
and in H-magadiite (sample hmb) it is weak. 
Millar and Garces titrated KHS12O5 with acid. 14 Powder patterns were 
measured for samples corresponding to different degrees of potassium exchange. The 
powder pattern of this H-kanemite sample is very similar to that of KHSi20s, where 
99 % of the potassium has been exchanged for protons. Therefore, this H-kanemite 
sample is clearly a disilicic acid. 
The basal spacings of the two H-octosilicate samples can be compared with 
previously-reported values: Heidemann et al. reported a single sample (dooi = 
7.31 A); 16 Der measured a value of 9.25 A from a wet sample which shrunk to 7.43 
A, on drying at 30 °C;17 and the low- and high-temperature forms of Borbdly et al. 
had basal spacings of 7.38 A and 7.1 A, respectively.15 in this work, the hydrated 
sample (hoa) is probably similar to the single sample of Heidemann et al. and the wet 
sample of Der, while the anhydrous sample is similar to that obtained by Iler on 
drying. For both pairs of H-octosilicate and H-magadiite samples, it is the hydrated 
from which has the larger basal spacing. 
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6.7 Summary 
The single H-kanemite sample is certainly a disilicic acid. Thermogravimetric 
analysis predicts a formula which is very close to H2Si20s, while the powder X-ray 
diffraction pattern is very similar to an acidification product of KHSi20s. Relating 
the NMR data for this sample to previously-reported H2Si20s analyses is difficult— 
slightly different phases are prepared from a- and 3-NaSi20s, while several stable 
products can be made by washing KHSi20s, so there are many different forms. The 
29Si NMR spectra were similar to the p%NaSi20s acid of Heidemann et al.M while the 
1H MAS spectrum was similar to that reported by Deng et al. for an acid product of 
KHSi 20 5 .l3 
Borbely et al. prepared two H-octosilicate samples. 15 One could be made by 
heating the other sample. From 2 9 Si CP spectra, it appeared that the H-octosilicate 
samples in the present work were similar high- and low-temperature forms. However, 
thermogravimetric analysis and powder X-ray diffraction showed that this was not the 
case. The two samples correspond to anhydrous and hydrated forms of H-octosilicate. 
Figure 6.8 is an explanatory diagram. 
Hydrated Anhydrous 
Silicate Layer Silicate Layer 
OH OH OH OH OH OH 
( 3 ) OH OH OH 
OH OH OH 
Silicate Layer 
Silicate Layer 
Figure 6.8 Schematic diagram of hydrated and anhydrous forms of H-octosilicate 
or H-magadiite. 
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The anhydrous samples contain silanol protons species only. They have smaller basal 
spacings and higher-frequency 29Si Q3 chemical shifts than the hydrated forms which 
also contain molecular water. Similar conclusions can be made for the two types of 
H-magadiite sample that have been prepared in this work. The analytical data are 
consistent with a larger interlayer spacing for the hydrated samples. 
The 1H MAS spectra in this section provide one important conclusion. In 1H 
MAS spectra for kanemite, octosilicate and magadiite, a high-frequency peak can be 
assigned to strongly hydrogen-bonded protons. Such signals are not present in the 
spectra of the acid-exchanged forms. This implies that the hydrogen-bonds are being 
formed between silanol protons and siloxide oxygen ions- the formation of such 
bonds requires a sodium ion for charge balance. Deng et al. showed that there were 
strongly hydrogen-bonded protons in KHSi20s,1 3 which are not present after washing 
with acid. The structure of this disilicate is known, and the conformation of the 
hydrogen-bonds provides a plausible model for kanemite, octosilicate and magadiite. 
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Chapter Seven Cross-Polarisation 
7.1 Introduction 
Section 2.7.4 introduced the concept of cross-polarisation whereby spectra of 
isotopically-dilute nuclei could be obtained via a transfer of magnetisation from 
abundant protons within a sample. This occurs particularly efficiently at the 
Hartmann-Hahn matching condition, YlBn = YsBis. and can give spectra with 
substantially improved signal-to-noise relative to the single-pulse method, in 
favourable conditions. The spectra can also be acquired more quickly since the 
recycle time for repetitive acquisition is dependent on proton spin-lattice relaxation 
times, rather than those of the dilute nuclei, such as 29Si or 13C. For this reason alone, 
cross-polarisation is a very useful method, but, since its success depends on an 
interaction between the rare and abundant spins, much can be learnt about the 
relationship between the relevant nuclei. In this work, cross-polarisation has been 
extensively used in an attempt to extract information about the relative positions of 
silicon, sodium and hydrogen sites within the layered polycrystalline silicate hydrates. 
The efficiency of the cross-polarisation process depends on the nature of the 
heteronuclear dipolar interaction. The strength of the interaction decreases greatly 
with distance and it can be averaged by motion. Thus, information is available 
because efficient CP is only seen for nuclei which have neighbouring protons of a 
suitable rigidity. 
In some cases a lone CP spectrum can be informative- for instance, where it 
lacks a signal that was contained in the single-pulse spectrum. Such a signal 
corresponds to a site which has no nearby protons of suitable rigidity for cross-
polarisation. Further information can be obtained by running a series of CP spectra 
with different values of the contact time. The results can be analysed to obtain a time 
constant, Tis, the cross-polarisation or cross-relaxation time- a measure of CP 
efficiency. Fitting variable contact time data also gives a second time constant, Tip, 
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the proton rotating frame spin-lattice relaxation time. It can be better to measure this 
constant by modifying the standard CP pulse sequence so that proton magnetisation 
decays under spin-locking before cross-polarisation. Proton Tip values can be 
measured indirectly by CP in this way, because the observed CP signal directly 
measures the proton magnetisation before the contact time. Comparison of these with 
more directly measured values can identify the proton source of the CP. A similar 
strategy can be used to measure proton spin-lattice relaxation times, and the idea can 
be extended to a method where the equivalent of a proton spectrum is acquired in the 
ti period of a 2-dimensional pulse sequence. Two-dimensional fourier-transformation 
yields a correlation spectrum where cross-peaks link the proton source of the CP to the 
relevant dilute spin site. 
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7.2 Theory 
7.2.1 The Dynamics of Cross-Polarisation 
The CP sequence starts with a 1H 90° pulse. This places the net proton 
magnetisation into the xy-plane of the rotating frame of reference where it is spin-
locked by a second pulse, 90° out of phase with the first. Meanwhile, the dilute-spin 
channel radiofrequency is switched on and transfer of magnetisation will occur with 
maximum efficiency at the Hartmann-Hahn matching conditions. Rotating frame 
spin-lattice relaxation of both proton (I) and dilute spin (S) magnetisation occurs 
simultaneously with this transfer. An equation for the evolution of the dilute-spin 
magnetisation with time can be derived from a consideration of the spin-temperature 
of the system, l The inverse spin-temperatures of the abundant and rare spins, Pi and 
Ps, respectively, are proportional to xy-plane magnetisation in the rotating frame. 
This equation will be relevant for the case of cross-polarisation to a single S-spin from 
either a single I-spin or several I-spins which are completely averaged by spin-
diffusion or exchange. 
Assuming that the exchange of magnetisation occurs with conservation of 
energy within the rotating frame, equation 7.1 applies. 
dfo 
dPt 
+ea2 dgs 
dPt 
0 Eq. 7.1 
NSS(S + 1) 
NiI(I + l ) 
Eq. 7.2 
YsBs 
YiBi 
Eq. 7.3 
7 Cross-Polarisation Page 222 
In equation 7.1, e represents the relative amounts of each of the nuclei 
(equation 7.2) and a is a mismatch parameter to represent deviation from the 
Hartmann-Hahn matching conditions (equation 7.3). In the simplest picture of cross-
polarisation, three processes are occurring (figure 7.1). Magnetisation (equivalent to 
inverse spin-temperature, P) is being transferred between the I spins and S spins; this 
occurs at a rate characterised by the cross-polarisation time, Tis. Meanwhile, both 
nuclei are being spin-locked and relaxing at a rate characterised by their spin-lattice 
relaxation times in the rotating frame of reference, Tip. Overall, the S spin temp-
erature is decaying towards the instantaneous I spin temperature. Differential 
equations 7.4 and 7.5 can be deduced for the rate of change of the inverse spin 
temperature of the S and I spins, respectively. 
dps^ (Ps-fti) Ps Eq.7.4 
dt Tis TS 
dpi = ? (Pi -fis) Pi 
dt Tis T / p 
Eq. 7.5 
I 
•p / 
I Spins 
IS 
Ip 
S Spins 
Lattice 
Figure 7.1 The processes that occur during the cross-polarisation contact time: 
transfer of magnetisation from the abundant spins to the rare spins, 
while the magnetisation of both nuclei is decaying with Tip. 
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To solve these equations, initial conditions (equation 7.6) can be chosen by 
remembering that the xy-plane magnetisation of the dilute, S, spins is zero before the 
contact time. Equations 7.7 to 7.11 are the solutions. 
M 0 ) = 0, P i (0 )*0 Eq. 7.6 
M O = P i ( 0 ) — — f e x p f ^ l - e x p f ^ Y 
a+-a-^ ^ Tis ) ^ Tis ) ) 
Eq. 7.7 
Pl(t) = M0) 
a+ - a -
(l-a_)exp -a_t -( l-a+)exp 
T i s / 
- Eq.7.8 
a ± = a 0 ( l ± A / l - b / a 2 ) Eq. 7.9 
a 0=i Eq. 7.10 
b = 
T s MP 
+ ea2 lis 
T s 
'ip 
Eq.7.11 
The variation of the S-spin magnetisation, Ms(t), during the contact time is 
given by equation 7.12, where Ms(0) is proportional to the number of S spins. 
Ms(t) = M s ( 0 ) a ^ M i 
ys Pi(o) 
Eq. 7.12 
Readily usable equations relating the observed S-spin magnetisation to the 
contact time can be obtained by substituting equations 7.7-11 into equation 7.12. This 
somewhat formidable undertaking can be made easier by considering several possible 
simplifications. Firstly, it is likely that the Hartmann-Hahn matching will be exact 
(a = 1), the S-spins are dilute (e ~ 0) and that rotational frame longitudinal relaxation 
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is only significant for the abundant nuclei (l/Ti pS = 0). In this case, the parameters 
ao, b, a+ and a. reduce to (1 + y)/2, y , 1 and \|/, respectively, where y is Tis/Ti p . 
Substitution of these values into equations 7.7 and 7.8 gives equations 7.13 and 7.14, 
and the behaviour of S-magnetisation with the contact time is described by equation 
7.15. A second simplification is to assume that there is no significant rotational frame 
longitudinal relaxation at all. In this case, equation 7.16 describes the variation in S-
magnetisation with contact time. 
Ps(t) = 1 _ ^ 0 ) / T i (exp(-t / T j p ) - exp(-t / T I S )) Eq.7.13 
P,(t) = Pi(0)exp(-t/T/ p) Eq.7.14 
Ms(0 = ^ T ^ ^ T - W - 1 / T / p ) " e x P H ' TIS)) Eq. 7.15 
M s ( t ) = ^ -M S (0 ) (1 - exp(-t / T I S ) ) Eq. 7.16 
YS 
The pre-exponential parts of equations 7.15 and 7.16 show that the ratio of the 
CP signal to the single pulse signal, Ms(0), can be 71/ys. This is the same result that 
was derived in section 2.7.4. Equation 7.17 is a readily-usable form of equation 7.15 
and 7.16, where Mo is proportional to the number of S spins and A. is shown by 
equation 7.18. It is possible to account for the rotating frame relaxation of the S 
nuclei by including an extra term in the equation for X (equation 7.19).2 
M S ( t ) = ^-( l -exp(->. t /T I s))exp(- t /T 1 I p ) Eq.7.17 
^ 1 - T i s / T / p Eq. 7.18 
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X = 1 - Tis / Tip + Tis / TS Eq. 7.19 
Figure 7.2 is a simulated curve to show typical behaviour of the observed 
signal intensity, Ms(t), with time. The signal increases as abundant spin magnet-
isation is transferred to the dilute spin nucleus and eventually decays exponentially 
with the Tip of the abundant nuclei. 
1-2 -i 
1 data 
asynptote 
0.8 
Intensity 0.6 
1.5 
Contact Time 
Figure 7.2 The variation of signal intensity with contact time. The contact time 
axis is in units of Tip while the intensity axis is in units of Mo- In this 
case Tis = Tip/10. The asymptote is obtained from the equation 
M t = Moexp(-t/Tip)/X. 
The dynamics of cross-polarisation are commonly investigated with a variable 
contact time experiment- spectra are obtained at several different values of the contact 
time. In many cases, fitting the results to equations 7.17 and 7.18 will give the values 
of three constants, Mo, Tis and Tip. The parameter Mq is quantitative and 
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proportional to the number of active nuclei within the sample, and the Tip-value can be 
used to identify or provide information about the proton source of the cross-
polarisation. The cross-polarisation time, Tis, is a measure of efficiency of the 
process. In general terms, efficient CP is observed between nuclei that are close and 
not too mobile. More exactly, Tis is a function of the second moments, M2, of the 
homo- and heteronuclear dipolar couplings. Consequently it varies with the reciprocal 
of the sixth root of the IS distance (equation 7.20).3>4 
( M 2 = j™Ja - (a>))2f(<o)d©/J" f (co)da), where (a>) is the mean angular frequency) 
(Tis ) ^ = L = oc rfg6 Eq. 7.20 
It should be noted that the minimum value of Tis Q-e- the most efficient cross-
polarisation) does not necessarily occur at the Hartmann-Hahn matching condition 
(a=0 in equation 7.3). In systems consisting of a dilute-spin nucleus and a proton 
source which is distinct from the other protons in a sample, rapid magic-angle spinning 
can modulate the behaviour of Tis with a , so that the most efficient cross-polarisation 
is observed away from the Hartmann-Hahn matching condition. Such effects are 
observed in systems with mobile or dilute protons, where there are weak homonuclear 
dipolar interactions. Stejskal et al. reported this phenomenon for 13C CP/MAS NMR 
of adamantane.5 
Many assumptions have been used to obtain equation 7.17. Therefore, there 
are many cases where it does not adequately describe variable contact time data. The 
most obvious distortion from ideal behaviour is where cross-polarisation occurs from 
two separate proton types with distinct relaxation times for each source. Kummerlen 
et al. reported such a phenomenon in sodium silicate glasses 6 Their results were fitted 
to equation 7.21 and a reasonable correlation was obtained. The cross-polarisation 
behaviour from each proton source, distinguished by the superscripts (1) and (2), is 
simply summed to provide the behaviour of the whole sample. 
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M, = ^ ( e x p ( - , / T«>) - exp(-, / T<>>)) + ^ ( e x p ( - , / Tg>) - exp(-« / T<|>)) 
Eq. 7.21 
The authors note that this treatment requires the assumption that there is no 
spin-diffusion between the separate proton sources. The behaviour of signal intensity 
with contact time can be more complex, if this is not the case. Miiller et aP found 
that the 1 3 C CP signal from a single crystal of ferrocene oscillated with the contact 
time. The effect was particularly noticeable at some orientations of the sample to the 
magnetic field. The results were consistent with the system shown in figure 7.3. 
1 H Reservoir 
Figure 7.3 A schematic diagram of the model of Miiller et al? for 13C cross-
polarisation in ferrocene. The !3C spin interacts with a single proton 
only, through dipolar coupling, b. This proton interacts with the rest of 
the protons in the sample by spin-diffusion at a rate, r. 
The authors were able to derive an equation from this model which fitted the 
data very well (equation 7.22). R represents the rate of spin-diffusion (more 
commonly, Tn*1) and b represents the dipolar coupling constant (more commonly 
Dhh)- A few assumptions were necessary, including the fact that the Hartmann-Hahn 
matching conditions were exactly met. When this is so, the oscillatory frequency, 
u) o s c., is b/2. Otherwise it is given by equation 7.23, where d represents the mismatch. 
Resonance offsets further influence the rate of oscillations. 
M t ~ 1 -exp(-Rt)-^exp(-3Rt/2)cos(^b/1) 
CDosc. 
Eq. 7.22 
Eq. 7.23 
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The cross-polarisation dynamics of ferrocene are such that the rate of mag-
netisation transfer was dependent only on the spin-diffusion rate while rotating frame 
spin-lattice relaxation was very slow. Walther et a/.3 reported oscillatory 29Si CP 
behaviour in porous silica gels where an additional consideration of T i p and Tis was 
necessary for the derivation of an equation to fit the results. Equation 7.24 is 
effectively a combination of equations 7.17 and 7.22. The spin-diffusion rate is 
represented by a time constant, Tn, and the fraction of protons which form the main 
proton source is denoted by a parameter, a. A large value of a, i.e. close to unity, 
would indicate that normal behaviour is dominant, while a small value corresponds to 
dominant oscillatory behaviour. 
M t =MP_(e-'/Tip -ae-'/TlS -(\-a)(±e-t/Tu + l e - 3 t / 2 T u COs(±bt))) 
Eq. 7.24 
In summary, an equation has been derived for variable contact time behaviour. 
This corresponds to the case where the Hartmann-Hahn matching condition is exactly 
met and a single dilute S-spin is being polarised by a single proton source (i.e. a single 
type of proton or several proton species which are completely averaged by spin-
diffusion). Several other cases have been reported where variable contact time 
behaviour is irregular. Two distinct proton types can provide the source for the 
polarisation transfer. Alternatively, CP can occur from proton sources that are distinct 
from the main proton bath in a sample. In this case, oscillations are seen at a 
frequency which depends on the rate of spin-diffusion between the two proton types 
and their relative proportions, as well as any transmitter offset and deviations from the 
Hartmann-Hahn matching conditions. 
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7.2.2 Methods of Determining CP Mechanisms 
The variable contact time experiment is an indirect source of information 
regarding the proton species of a sample. Fitting the results to equation 7.17 gives a 
value of Tip, a proton rotating frame spin-lattice relaxation time for the CP source. In 
a simple case, this value can be compared with directly measured values for all the 
proton types in a sample to deduce the mechanism for the cross-polarisation. Such a 
method is not universally applicable for several reasons: variable contact time curves 
can be oscillatory and difficult to analyse; significant spin-diffusion or chemical 
exchange over the time-scale of the cross-polarisation can mean that an average value 
of Tip is measured; many spectra are needed to fit results to equation 7.17; Tip can be 
difficult to measure for samples with poorly resolved 1H MAS signals; and the distinct 
proton species might have similar intrinsic relaxation times. However, there are other 
methods of deducing CP mechanisms. This work has used both 1- and 2-dimensional 
methods. 
There is a more general method of obtaining proton relaxation times using 
cross-polarisation. The pulse sequence for CP measurement is simply the conven-
tional 1H NMR sequence with the acquisition step replaced by a constant contact time 
and acquisition in the S-channel. The method is possible because the detected S-
magnetisation at the end of the contact time is proportional to the proton 
magnetisation preceding it (see equation 7.13). Figure 7.4 shows how inversion 
recovery and variable spin-locked delay pulse sequences can be modified to measure 
Ti and Tip of the protons indirectly. 
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n/2 
7C K/2 
Spin-Locking Decoupling 
n/2 
Contact Time 
Figure 7.4 A cross-polarisation pulse sequence (a) and two modifications for the 
indirect measurement of T\ and Tip by CP: b) inversion recovery 
followed by CP; and b) variable spin-locked delay followed by CP. In 
each case, several spectra are acquired with different values of the 
delay, x. The resulting spectral intensities can be fitted to yield the 
value of the relevant relaxation time. 
n/2 
Spin-Locking Decoupling 
Contact Time 
Figure 7.5 A pulse sequence for 2-dimensional correlation spectroscopy. The 
inset emphasises the similarity between this pulse sequence and those 
in figure 7.4. This effectively measures T2* (and 5) for the protons 
rather than Ti or Tip. 
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The 2-dimensional method uses a similar strategy to these 1-dimensional 
methods, in that a 1H MAS FID is traced out before the contact time. This method 
was initially reported by Vega in 1988 for two zeolite samples, anhydrous H-rho and 
hydrated Ca,Na-A.8 Similar methods have since been reported by Fyfe et al, for 
hydrous silicate glasses9 and Schmidt-Rohr et a/.,!0 for correlating 13C CP spectra 
with wide-line proton spectra; neither authors cite Vega. The pulse-sequence is shown 
in figure 7.5. 
Several spectra are acquired with incrementally increasing values of t i to give 
a 2-dimensional data set. Fourier-transformation over t2 will therefore give several 
29Si spectra corresponding to different ti values. The method works because the 
silicon signal detected in t2 is a direct measure of the magnetisation of the proton 
source for CP at the end of t i . Therefore, the behaviour of the 29Si signal intensities 
with t i is essentially that of a !H FID, which will give a normal !H MAS spectrum on 
fourier-transformation over t i . The resulting spectrum has axes corresponding to the 
29Si and !H chemical shifts. Signals are observed where §si corresponds with 5H of 
the proton source for the cross-polarisation. 
Vega8 recommended a 1H.1H experiment to support conclusions regarding 
29Si,!H correlation. This is shown in figure 7.6a. In section 5.4 of this work, spin-
diffusion or chemical exchange has been detected by a different pulse sequence (figure 
7.6b). Both methods can detect proton spin-diffusion or chemical exchange: the 
former method detects mixing processes in the rotating frame of reference, where Tip 
is relevant, whereas the latter methods detects in the laboratory frame of reference, 
where Ti is relevant. If mixing is significant the 29Si,lH experiment can not 
distinguish between proton sites. 
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TC/2 
Spin-Locking O t 
71/2 7C/2 7C/2 
Mixing-Time <3 1, 
Figure 7.6 Two pulse sequences for determining the extent of proton mixing 
(spin-diffusion or spin-exchange) during a 29Si,lH 2-dimensional 
correlation spectroscopy experiment In both cases, the protons are 
allowed to mix for a time equivalent to the contact time: a) this is the 
spin-locking time; b) this is the mixing time. 
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7.3 Makatite & Kanemite 29Si CP Behaviour 
7.3.1 Introduction 
Most kanemite 2 9 Si NMR spectra have a single Q 3 signal. However, two lines 
are seen in the spectrum of one anomalous sample. Resolved Q3 signals are also seen 
in the 2 9 Si NMR spectrum of the single available makatite sample. Therefore, there 
are three types of sample with which a search for similarities and differences in 29Si 
CP behaviour can be made. 
7.3.2 Cross-Polarisation Dynamics 
This section consists of a determination of the dynamics of 29Si CP for the 
kanemite sample with two signals and makatite which has several resolved signals. 
The aim of the work was to compare the behaviour of the two samples. 
Variable contact time experiments were carried out for each sample using 
different spectrometers. The CXP200 spectrometer was used for the kanemite 
experiment, while the Varian Unity Plus 300 spectrometer was necessary for extra 
resolution in the makatite spectrum. In each case, several spectra were acquired with 
different contact times while all other parameters were kept the same. For kanemite 
(sample kna), 13 FID's of 2000 transients were acquired with a 3 s recycle delay and a 
spinning rate of 2.5 kHz. For makatite (sample mka), 15 FID's of 88 transients were 
acquired with a 10 s recycle delay and a spinning rate of 3.01 kHz. The resolution of 
the makatite spectra was enhanced with gaussian broadening before zero-filling and 
fourier-transformation, while no apodisation was necessary for the kanemite spectra. 
Peak intensities were fitted to equation 7.17 using non-linear regression. Table 7.1 
lists values of Mo, Tis and Tip for each signal in makatite and kanemite. Figures 7.7 
and 7.8 show plots of signal intensity with contact time together with curves that were 
simulated from the regression values. 
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Figure 7.7 Variable contact time curves for makatite (sample mka). Filled and 
unfilled circles and squares represent the experimental data, while the 
lines are the results of a simulation using the fitted values of Mo, Tis 
and Tip. 
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Figure 7.8 Variable contact time curves for kanemite (sample kna). Filled and 
unfilled circles represent the experimental data, while the lines are the 
results of a simulation using the fitted values of Mo, TJS and T i p . 
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Silicate 5 Si Peak M 0 Tip Tis r2 
(Sample) /ppm / a.u. /ms /ms 
Makatite -92.2 1 82 ± 9 5.43 ±0.95 1.10 ±0.21 0.98350 
(mka) -92.6 2 121 ± 9 4.48 ±0.51 1.00±0.12 0.99418 
-93.0 3 155 ± 9 4.32 ±0.38 0.87 ±0.08 0.99609 
-93.7 4 169 ±10 4.28 ±0.39 0.93 ±0.09 0.99625 
Kanemite -97.6 142 ± 8 2.7 ±0.3 0.43 ±0.04 0.99590 
(knb) -96.4 127 ± 13 5.0 ±0.9 0.78 ±0.14 0.98968 
Table 7.1 Results of fitting makatite (sample mka) and kanemite (sample kna) 
variable contact time results to equation 7.17. The quoted errors are 
95% confidence limits obtained from the regression analysis and r 2 is a 
correlation coefficient. 
It should be noted that in both cases, the signal intensities were obtained from 
overlapping lines, which would tend to average any differences in variable contact 
time behaviour. The overlap was greatest for makatite, but the resolution was probably 
adequate for the purposes of this experiment. The experiments produced satisfactory 
curves which fit equation 7.17 reasonably well; the results provide a good basis for 
drawing conclusions. The equations give the poorest fit for the low-frequency 
kanemite signal at 8si -96.4 and the high-frequency makatite signal at 8si -92.2; this is 
evident from low correlation coefficients and by inspection of figures 7.7 and 7.8. 
Further experiments will provide an explanation for this observation with kanemite, 
while the makatite signal was the least well-resolved in the 29Si CP spectrum. 
In this experiment, makatite and kanemite behave quite differently. The 
signals in makatite behave similarly with contact time, giving Tis and Tip values 
which are nearly the same, while for kanemite the values for each site are very 
different. 
If the poorly-resolved high-frequency signal is ignored, the rotating frame 
spin-lattice relaxation times for the makatite lines are insignificantly different. The 
silicon sites are either coupling with the same proton source or with two different 
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sources which mix significantly through spin-diffusion or chemical exchange over the 
time-scale of the experiment. A firmer conclusion can be drawn for kanemite, where 
the two rotating frame spin-lattice relaxation times are very different. The two silicon 
sites are coupling with distinct proton species with incomplete spin-diffusion or spin-
exchange over the time-scale of the experiment. 
With kanemite, cross-polarisation is significantly faster for the high-frequency 
signal. The difference is quite marked, Tis for the high-frequency signal being about 
half the low-frequency value. The values for the makatite signals are all very similar. 
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7.3.3 The Mechanism for Cross-Polarisation: 29Si,lH Correlation 
Deducing the mechanism of !H, 2 9Si CP for makatite is trivial. There are four 
silicon signals in the 29Si CP spectrum and one signal is observed in the 1H MAS 
spectrum (see sections 5.1.4 and 5.2.3). For all sites, 2 9 Si cross-polarisation occurs 
via magnetisation transfer from this single proton type. 
The mechanism for kanemite can be determined by 2-dimensional lH,29Si 
correlation spectroscopy experiments, together with a consideration of the extent of 
mixing between proton species by chemical exchange or spin-diffusion. This method 
has been used for two kanemite samples: sample kna has two 2 9 Si CP signals and 
three in a *H MAS spectrum, whereas sample knb has a single 2 9 Si CP signal and two 
peaks in a *H NMR spectrum. 
For each sample, 2-dimensional 29Si.lH correlation spectra were acquired 
using the VXR300 spectrometer and a previously-written pulse program based on that 
reported by Vega (figure 7.5).8 For sample kna, the 2D data-set was built up of 64 
FID's of 256 data points. For each FID, 800 transients were acquired with a contact 
time of 1 ms and a recycle delay of 0.5 s. The spinning-rate was 5.02 kHz. The 
proton and silicon spectral widths were 50 and 5.872 kHz respectively. For sample 
knb, the 2D data-set was built up of 64 FID's of 256 data points. For each FID, 800 
transients were acquired with a contact time of 1 ms and a recycle delay of 0.5 s. The 
spinning-rate was 5.14 kHz. The proton and silicon spectral widths were 50 and 
5.882 kHz respectively. The 2-D spectra are shown in figures 7.9 and 7.10. 
A 2-dimensional !H,1H spectrum was acquired for sample kna using the 
VXR300 spectrometer, equipped with a Doty high speed MAS probe with 5 mm 
zirconia rotors, and a pulse program based on that of Szeverenyi (figure 7.6b). The 
spinning rate was 12.7 kHz and the 2-dimensional data-set was built up of 128 FID's 
of 576 data points. For each FID, 16 transients were acquired with a recycle delay of 
0.5 s and a mixing time of 1 ms. The spectral widths in each dimension were 20 kHz. 
The result is displayed in figure 7.11. 
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Figure 7.9 A 2-dimensional lH,29Si correlation spectrum of kanemite (sample 
kna). A contour spectrum is displayed above a stacked plot. 
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Figure 7.10 A 2-dimensional lH,29Si correlation spectrum of kanemite (sample 
knb). 
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Figure 7.11 A 1H,!H exchange spectrum for kanemite (sample kna). The diagonal 
corresponds to a conventional 1H MAS spectrum. If there were any, 
cross-peaks would have been evidence of spin-diffusion or chemical-
exchange. The line-shapes are very difficult to explain, but there are 
diagonal peaks at 5H 1,4 and IS. 
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A 2 9 Si CP spectrum of kanemite (sample kna) contains two lines (figure 5.6b). 
A 1H MAS spectrum of this sample has three centre-band signals at SH 15, 4 and 1, 
(figure 5.12b). These can be assigned to strongly hydrogen-bonded, water and silanol 
protons, respectively. In the 29Si,lH correlation spectrum, with a spinning speed of 
5.02 kHz and a transmitter frequency of 300 MHz, spinning side-bands are expected 
to be visible at multiples of ca. 17 ppm from the central lines. There is only one signal 
in the 2 9 Si CP spectrum of sample knb (figure 5.6a). The proton spectrum contains 
two centre-band proton signals at SH 15 and 4 (figure 5.12c). These can be assigned 
to strongly hydrogen-bonded and water protons, respectively. Again, spinning side-
bands are expected to be at multiples of ca. 17 ppm from the centre-bands in the 2-D 
spectrum. 
A projection of the kanemite (sample kna) 2-dimensional spectrum onto the 
silicon axis should give a spectrum similar to figure 5.6b. In the 2-D spectrum all the 
intensity of the low-frequency signal seems to come from the H-bonding proton alone, 
so a strong peak is seen at 5H 15. The intensity of the high-frequency signal is 
smeared over a larger range, so the peaks are smaller and poor signal-to-noise makes it 
more difficult to deduce the correlation. However, the contour plot shows peaks at 5H 
35, 20, 4 and -8 ppm due to cross-polarisation from the water proton and three 
spinning side-bands. Peaks around 5H 15 and 1 are also visible, corresponding to 
coupling with the strongly and weakly hydrogen-bonding protons. Since correlation 
was observed between three proton signals and one silicon site, it is necessary to 
consider the extent of mixing between proton species over the time-scale of the cross-
polarisation (a contact time of 1 ms). As no cross-peaks are observed in figure 7.11, 
the 2-D !H,1H exchange spectrum with a mixing time of 1 ms, spin-diffusion or 
chemical exchange is insignificant over the time-scale of the 29Si,lH experiment. 
Therefore, all the peaks in this spectrum come from direct rather than indirect 
correlation: lH,29Si CP, rather than 1H<-»1H,29Si CP. 
The 2-dimensional 29Si,lH correlation spectrum of kanemite (sample knb) 
contains peaks corresponding to the lone 2 9 Si signal. These occur at proton chemical 
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shifts corresponding to the H-bonding proton and two spinning side-bands, only. 
Therefore, they can be assigned to correlation between the silicon site and H-bonding 
protons. The peak intensities are surprising- the spinning side-band is much larger 
than the centre-band signal. This is probably due to a spike or artefact underneath the 
low intensity signal at 5H ca. 30- not an uncommon occurrence in 2-D NMR, viz. 
figure 7.29. A 1H,1H exchange experiment was not necessary for this sample, since 
the 29Si,iH experiment gave a selective result and the 2 9 Si CP mechanism is clear. 
Cross-polarisation occurs via a transfer of magnetisation from the H-bonding protons 
only to the single silicon site. 
7.3.4 Conclusions 
The work in this chapter consists of two different 29Si CP experiments on 
three layered polycrystalline silicate hydrate samples. Variable contact time 
experiments were used to investigate the two samples with more than one 29Si signal, 
while 29Si,lH correlation spectroscopy experiments were used to investigate the two 
samples with more than one J H signal. Complementary experiments on the samples 
with one 29Si or 1H signal would have given trivial results. 
Makatite and the kanemite sample with two Q 3 peaks have different CP 
dynamics. In makatite the many Q3 signals behave similarly: cross-polarisation 
occurs with slightly different efficiencies to proton types with the same rotating frame 
spin-lattice relaxation time. Since only one signal is observed in the 1H MAS 
spectrum of makatite, the mechanism for CP is clear- cross-polarisation to all silicon 
sites occurs via a transfer of magnetisation from a single detectable proton species. 
When observable, the two Q3 sites in kanemite have quite distinct CP dynamics. The 
low-frequency signal cross-polarises more efficiently than the high-frequency signal 
to a proton with a much shorter rotating frame spin-lattice relaxation time. The CP 
mechanism for the high-frequency signal is a transfer of magnetisation from all three 
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proton species. There is no significant mixing between the three proton sources, so 
the shape of the variable contact time curve in figure 7.8 could be due to the 
summation of three individual curves; this is quite possible as the curve contains local 
maxima and the simple model of cross-polarisation from a single proton source 
provided a very poor fit to the data using non-linear regression. I f this was the case, 
the fitted T j s and Tip values would be fairly meaningless. The low-frequency signal 
has the same mechanism as the lone signal in other kanemite samples- 2 9 Si cross-
polarisation occurs via a transfer of magnetisation from the hydrogen-bonded protons 
only. Overall, these are clear results that provide some room for speculation over the 
spectroscopic and structural reasons for the observed differences in 2 9 Si and 1H 
spectral multiplicities, CP dynamics and CP mechanism. 
The structure of makatite has been resolved by single-crystal x-ray diffraction, 
providing positions for the silicon, oxygen and sodium atoms, within a unit cell. The 
siting of the oxygen atoms make it likely that there are silanol and water proton 
species. Since just one signal is observed in a 1H SP/MAS makatite spectrum, the 
differences between these sites must be averaged over the time-scale of the NMR 
experiment, either by chemical-exchange or by spin-diffusion. With kanemite, several 
distinct proton species are visible in proton spectra, so the extent of averaging must be 
much less over a similar time-scale. Because the sites are distinct, selectivity is 
observed in 2 9 Si cross-polarisation. The significant factor in causing makatite and 
kanemite to behave differently might be the spectral overlap between a hydrogen-
bonding proton and the other proton species in a sample. There is no evidence for 
strong H-bonding in makatite, so a silanol proton signal would be expected to overlap 
considerably with that of a water proton- the work of Yesinowski et a/.H indicated 
that both signals would occur around §H 1 to 6 (see section 5.2.2). Rapid spin-
diffusion gives a single line in the proton spectrum at an average chemical shift. 
There is strong hydrogen-bonding in kanemite corresponding to a signal at 5H IS. 
Since there will be minimal overlap between this line and aqueous proton signals, 
spin-diffusion is less efficient, separate J H MAS peaks are seen and some selectivity 
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is observed on cross-polarisation. The above speculation excludes consideration of the 
silanol proton in kanemite (sample kna) at 8H 1 • Since no mixing is observed between 
this species and water, it is possible that the location of these protons is distinct from 
the other protons in the sample. Further consideration will be saved for chapter 8. 
Finally, the assignment of the 2 9 Si peaks should be considered. The makatite 
signals have been assigned to the four silicon atoms in the known asymmetric unit, 
though it is possible that some of the signals could come from a contaminant (see 
section 5.1.4). This still seems a reasonable assignment and the similar CP behaviour 
of all the signals probably makes the presence of an impurity resonance less likely. 
The low-frequency kanemite signal, which is seen in all samples, is bonded to a 
strongly hydrogen-bonded proton. The high-frequency signal, which is only seen in 
one sample, can not be classified as easily, since it couples with three types of proton. 
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7.4 Silicon-29 CP Dynamics of Octosilicate, Magadiite and their Silicic Acids 
This section contains details of variable contact time experiments for samples 
of H-octosilicate and H-magadiite. The results can yield values of Mo, Tip, and Tis. 
These are useful parameters: Mo is quantitative; Tip can be used to identify the proton 
source of the cross-polarisation; and Tis can be related to the distance between these 
protons and the rare-spin nuclei which are being detected in the CP spectrum. The 
29Si CP spectra of these samples contain several signals. Determining cross-
polarisation dynamics for these might provide useful information; particularly 
regarding the two Q 3 signals in anhydrous H-octosilicate and the three Q4 signals in 
H-magadiite. 
The variable contact time spectra were acquired using the CMX200 
spectrometer, equipped with a Doty MAS probe and zirconia 7 mm rotors. A standard 
pulse sequence, cp was used with a macro to automatically vary the contact time, and 
save files. Table 7.2 lists the experimental details. 
Silicate Sample Recycle Spinning Number of Number 
Delay / s Rate / kHz Transients ofFID's 
H-Octosilicate hob 3 2.02 100 20 
H-Octosilicate hoa 3 2.02 100 20 
H-Magadiite hma 3 2.0 64 16 
Table 7.2 Experimental details for the variable contact time experiments. 
For each experiment, all FID's were subjected to the same zero-filling, 
apodisation and fourier-transformation routine. The values of spectral intensity with 
contact time were initially fitted to equation 7.17 to obtain Mo, Tis and T i p . This was 
successful for the Q3 signals, but the Q 4 behaviour could only be modelled by fitting 
with a fixed value of T ip - that obtained from the Q3 data. Variable spin-locked delay 
experiments have shown that it is reasonable to assume that proton rotating frame 
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spin-lattice relaxation observed through the Q3 signals occurs at the same rate as that 
observed through the Q4 signals. 
Figures 7.12 and 7.13 display the results for each sample together with 
simulated curves using values obtained from the fitting, which are listed in table 7.3. 
Multiple Q3 and Q 4 peaks have been described using labels. Reported errors relate to 
the asymptotic 95% confidence intervals provided by the fitting method. The r2 
parameter is l-{£(residuals2)/ Z(corrected values2)} and again is provided by the 
fitting routine. 
Silicate Peak 8si/ppm 
</WHz) 
Mo / a. u.t Tis / ms Tip/ms r2 
H-Octosilicate Q3 -104.4 (44) 4.33 ± 0.09 1.04 ±0.04 13.8 ±0.7 0.99846 
(hoa) Q 4 -113.2 (44) 3.93 ± 0.26 7.90 ±0.91 Q3-Value 0.99347 
H-Octosilicate Q3a -98.4 (30) 4.80 ±0.13 1.15 ±0.07 71 ± 1 8 0.99781 
(hob) Q3b -99.0 (30) 5.85 ±0.15 1.20 ±0.06 74 ± 1 9 0.99807 
Q4 -111.2 (38) 7.93 ±0.18 8.21 ±0.33 Q3-Value 0.99960 
H-Magadiite Q3 -102.5 (66) 1.42 ±0.03 1.11 ±0.06 31.6 ±3.7 0.99770 
(hma) Q*a -111.8 (60) 0.72 ± 0.06 8.96 ±1.28 Q3-Value 0.99644 
Q*b -113.1 (60) 0.89 ±0.10 13.1 ±2.1 Q3-Value 0.99784 
Q4c -114.9(60) 0.65 ±0 .20 14.8 ± 6.2 Q3-Value 0.98823 
Table 7.3 Fitted results of variable contact time experiments. The term Q3-value 
indicates that the Q 4 data were fitted using the Q 3 Tip value. Where 
Tip is described as infinite, the data have been fitted to equation 7.17. 
tThe units of MQ are arbitrary. 
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Figure 7.12 Variable contact time results and fitting for two H-octosilicate samples: 
a) hydrated sample hoa; and b) anhydrous sample hob. The exper-
imental data are represented by circles and squares, while solid lines 
represent curves simulated from fitted values of Mo, Tis and T i p . 
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Figure 7.13 Variable contact time results and fitting for hydrated H-magadiite 
(hma). The Q4 curves (below) are displayed with a different vertical 
scale to the Q 3 graph (above). The experimental data are represented 
by filled and empty circles and squares, while solid lines represent 
curves simulated from fitted values of Mo, Tis and T i p . 
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The Mo parameters should be quantitative, but, since intensities rather than 
peak areas were measured, the width of the signals must also be considered The ratios 
of Q 3 sites to Q 4 sites can be compared with those which have been determined from 
single-pulse 2 9 S i spectra for the parent sodium silicates- 1:1 for octosilicate and 1:3 
for magadiite. 1 2 > 1 3 The two lines in H-octosilicate (sample hoa) have similar values of 
Mo and similar peak widths. Therefore, these CP results are consistent with a Q 3:Q4 
ratio of 1:1. A similar Q 3:Q4 ratio might be deduced for H-octosilicate (sample hob), 
where Mo for the two narrower Q 3 signals is smaller than the value for the single Q 4 
line. The four H-magadiite lines have similar widths and the Mo values indicate that 
there are two Q 3 species for each of the three Q 4 species, corresponding to a Q 3 :Q 4 
ratio of ca. 1:1.5. A value of 1:3 would be expected, so the Q 4 signals are being 
under-represented in the 2 9 S i cross-polarisation spectra. 
The two Q 3 signals in H-octosilicate (sample hob) could represent two 
crystallographically distinct sites or a single signal which is being split by interactions 
with neighbouring nuclei. Such split Q 3 resonances were discussed in connection with 
the 2 9 S i spectra of kanemite (see section 5.1.5) and similar factors are relevant here. 
Since the variable contact time curves of the two signals are very similar, it is unlikely 
that gross structural differences are responsible for the splitting. 
Cross-polarisation time constants, Tis have been measured for 4 Q 3 and 5 Q 4 
silicon sites. All the Q 3 values are ca. 1 ms, values for the H-octosilicate Q 4 silicon 
atoms and the highest-frequency Q 4 site in H-magadiite are ca. 8 ms, and the values 
for the other Q 4 sites in H-magadiite are ca. 14 ms. The value of Tis depends on the 
separation and relative mobility of the silicon nuclei and the proton source of the cross-
polarisation. The Q 3 silicon species are likely to be silanol groups, =Si-OH, with 
similar proton-silicon separations in both H-octosilicate samples and H-magadiite. The 
correspondence in Tis-values indicates that the relative mobility of the silicon and 
proton species is similar in all three samples. Assuming this is the case, the Q 4 signals 
can be assigned on the basis of their silicon-proton separations. 
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Thus, the Q 4 signals in the two H-octosilicate samples and the high-frequency signal 
in H-magadiite are equally distant from protons: these might all correspond to Q 4 
silicon atoms which have a neighbouring silicon atom of type Q 3 . The other signals in 
H-magadiite are significantly further away from protons and are likely to have 
neighbouring silicon atoms of type Q 4 only. Figure 7.14 is an explanatory diagram. 
This is a tentative conclusion that has been drawn from H-magadiite 2 9 S i CP spectra 
end low-intensity Q 4 lines. Confirmation could be obtained from a variable contact 
time experiment with a larger spread of time values or alternatively with a 29Si,29Si 
correlation spectroscopy experiment. These experiments are generally only feasible if 
enriched materials are available. However, natural abundance experiments have been 
reported by Fyfe et al.P- for samples with very sharp lines, and Kolodziejski et a / . 1 3 
The latter deduced the 29Si,29Si connectivity in mordenite using J-scaled14 correlation 
spectroscopy (the width and 5si range of the mordenite signals are fairly similar to 
those in magadiite). Since magadiite spectra can be acquired with cross-polarisation, 
these experiments should be possible within a reasonable amount of spectrometer time. 
^f^*— Q4b and Q4c silicon atom: Furthest from the proton. 
S i O - Si - O S i T , s ~ 14 ms 
I 
Q4a silicon atom: Close to the proton. 
S i O - Si - O S i T I S ~ 8 ms 
I 
® ^ Q3 silicon atom: Closest to the proton. 
S i O - Si - O S i T , s ~ 1 ms 
I 
Assumed proton source of the cross-polarisation 
H 
Figure 7.14 A schematic diagram to show the possible structural relationship 
between the silicon sites responsible for the four 29Si NMR signals in 
H-magadiite (sample hma). Larger values of TJS correspond to a larger 
separation from the proton source for cross-polarisation. 
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Several other variable contact time experiments were carried out for Na-
magadiite and Na-octosilicate samples. In these experiments, the curves of signal 
intensity with contact time tended to be oscillatory. As an example, figure 7.15 shows 
the results of a variable contact time experiment for octosilicate (sample occ). Fitting 
the data to obtain precise values for Mo, Tis or T i p was impossible. Nevertheless, the 
oscillations are an interesting phenomenon that can be explained with respect to the 
work of Miiller et al. and Walther et alP3 The experiments in section 5.4. showed 
there was significant mixing between the proton species in these samples over the 
time-scale of a typical cross-polarisation experiment. Spin-diffusion can introduce an 
oscillatory component into the transfer of magnetisation between protons and silicon 
nuclei. 
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Figure 7.15 The results of a 29Si CP variable contact time experiment for 
octosilicate (sample occ). Twenty-one spectra of 200 transients were 
acquired with a recycle time of 3 s and a spinning rate of 2 kHz. 
In summary, quantitative information has been obtained from variable contact 
time experiments for three silicic acid samples. If the Tis values are related to the 
distance between the silicon nucleus and a silanol proton, the three Q 4 signals in H-
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magadiite can be assigned by the connectedness of their neighbouring silicon atoms. 
The low-frequency lines correspond to silicon sites with Q3 and Q 4 neighbours, while 
the other silicon sites will have Q 4 neighbours, only. Qualitative information can be 
obtained from similar experiments with Na-octosilicate and Na-magadiite. The 
variable contact time curves indicate that the proton source of the cross-polarisation is 
distinct from the rest of the protons in the sample. Spin-diffusion between the two 
types of proton, which has been detected in these silicates, is responsible for 
oscillatory behaviour of signal intensity with contact time. 
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7.5 The Mechanism of 2°Si, l H Cross-Polarisation in Octosilicate 
7.5.1 Introduction 
Section 7.2.2 showed that cross-polarisation mechanisms can be determined by 
1- and 2-dimensional methods. There are two types of silicon site in octosilicate, Q3 
and Q 4 , and two types of proton species- hydrogen-bonded and water. The work in 
this section will show which of the proton species is the source of magnetisation for 
cross-polarisation for each of the silicon sites. 
7.5.2 One-Dimensional Methods 
The viability of 1-dimensional methods for determining cross-polarisation 
mechanisms depends on the resolution of the proton species, in terms of their chemical 
shifts and their relaxation times. The two octosilicate proton signals are sharp with 
excellent resolution at achievable spinning rates (see section 5.2.4). However, under 
such conditions, they have similar spin-lattice relaxation times, T i (see section 5.3.2). 
Therefore, no attempt was made to determine the CP mechanism by comparison of 
directly and indirectly measured proton spin-lattice relaxation times. A null cross-
polarisation experiment would have just been possible as proton inversion-recovery 
spectra show that zero H-bonding proton signal is observed at a slightly different 
recovery-time to zero water proton signal (figure 5.21). However, any CP signal 
observed around the null-times of the two species would have been at a low intensity, 
whatever the mechanism for cross-polarisation. 
Experiments in section 5.4 have shown that the similar Ti-values are 
understandable because the two types of proton mix significantly through spin-
diffusion or chemical exchange over the time-scale of the relaxation. Rotating frame 
spin-lattice relaxation times, Tip, are smaller than T i , and the mixing should be less 
extensive over the shorter time-scale. The experiments in this section are an attempt to 
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deduce the 29Si cross-polarisation in octosilicate by measuring T i p indirectly, through 
29Si CP, and directly, through 1H MAS NMR. 
Two methods of indirect T i p measurement (i.e. via 2 9 S i CP) were available. 
Proton rotating frame spin-lattice relaxation times can be measured with variable 
contact time or variable spin-locked delay experiments. An example of the former for 
octosilicate (sample occ) has been described in section 7.4; the results are displayed in 
figure 7.15. The plot of signal intensity with contact time is oscillatory: irregular 
behaviour could be caused by spectral noise, spectrometer instability or dipolar 
oscillations of the sort observed in ferrocene. The former is unlikely, because the level 
of baseline noise is slight, equivalent to ca. 2 % of the most intense signal. Further 
speculation about whether the fluctuations are caused by spectrometer instability or 
dipolar oscillations is unnecessary here; it is sufficient to say that these results are not 
suitable for the determination of Tip. A spin-locked delay experiment should provide 
much more useful results. 
Variable spin-locked delay 29Si CP and J H MAS experiments for octosilicate 
(sample occ) were carried out using the CMX200 spectrometer, equipped with a Doty 
MAS probe and 7 mm zirconia rotors. In each case, spectra were attained at several 
delay times, x, while all other parameters were kept constant. Existing pulse 
sequences were used, tlrhoh for 29Si CP and tlrho for *H MAS, while a macro was 
used for automation. Further experimental details are listed in table 7.4. 
Method Number of Number of Recycle Spinning Contact 
Experiments Transients Delay / s Rate/kHz Time / ms 
29Si CP 10 200 3 2 2 
1H MAS 32 16 3 4 n/a 
Table 7.4 Experimental details for two measurements of proton Tip-values for 
octosilicate (sample occ). 
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In each case the peak intensities of the resultant spectra were fitted to equation 
2.13 using non-linear regression. The results of the statistical analysis are shown in 
tables 7.5 and 7.6. The experimental data are plotted in figures 7.16 and 7.17, 
together with simulations from the results of the statistical analysis. 
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Figure 7.16 The results of a spin-locked delay 2 9 S i CP experiment for octosilicate 
(sample occ). Filled and unfilled circles represent the experimental data 
while the lines are the results of a simulation, from fitted values. 
Signal T i D / ms r2 
Q 3 2.23 ± 0.25 0.99011 
Q4 2.41+0.33 0.98418 
Table 7.5 Results of fitting the 2 9 S i CP spin-locked delay experimental data for 
octosilicate (sample occ) to a mono-exponential equation using non-
linear regression. The quoted errors are 95 % confidence limits and r 2 
is a correlation coefficient. 
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Figure 7.17 The results of a spin-locked delay !H MAS experiment for octosilicate 
(sample occ). Filled and unfilled circles represent the experimental data 
while the lines are the results of a simulation, from fitted values. 
Signal T i D / ms r2 
H-Bonding 2.36 ± 0.06 0.99775 
Water 0.98 ± 0.02 0.99932 
Table 7.6 Results of fitting the *H MAS spin-locked delay experimental data for 
octosilicate (sample occ) to a mono-exponential equation using non-
linear regression. The quoted errors are 95 % confidence limits and r2 
is a correlation coefficient. 
Both experiments provided useful results. The 1H MAS data fitted well to a 
mono-exponential equation, giving significantly different relaxation times. The 
correlation coefficients are close to unity and the simulated curves and experimental 
data are coincident. Therefore, these are fairly precise values. Though there are some 
deviations from the fitted lines in figure 7.16, these appear to be random and the Tip-
values obtained from 29Si CP can be used with some confidence. Variable spin-locked 
delay experiments are more useful than variable contact time experiments for 
7 Cross-Polarisation Page 257 
determining proton rotating frame spin-lattice relaxation times for two reasons. 
Firstly, the behaviour of signal intensity with time is simpler and can be fitted to an 
equation with just two unknowns, Mo and Tip. Variable contact time data are fitted to 
an equation with three unknowns, Mo, Tis and T i p . More samples (i.e. spectra) are 
necessary for the fitting, as there is an extra variable. More transients per spectrum 
might also be required as the signal intensity tends to zero at short delay times as well 
as long delay times. Since the experiment takes longer, it is more likely that 
spectrometer instabilities will distort the results. The second advantage of the variable 
spin-locked delay experiment is that only the proton species are irradiated during the 
variable delay, so no dipolar oscillations should be seen. 
In summary, precise values of proton rotating frame spin-lattice relaxation 
times have been obtained for a single octosilicate sample using direct and indirect 
methods- via 1H MAS and 29Si CP, respectively. The values obtained for the Q3 and 
Q 4 silicon signals were (2.23 ± 0.25) ms and (2.41 ± 0.33) ms, respectively. These are 
insignificantly different from the value determined for the H-bonding proton signal, 
(2.36 ± 0.06) ms and significantly different from the value obtained for the water 
proton (0.98 ± 0.02) ms. Therefore, it can be concluded that the mechanism for 
iH,29Si cross-polarisation for octosilicate is a transfer of magnetisation from the H-
bonding protons to both types of silicon sites. 
The success of this experiment can be attributed to three characteristics of the 
proton species in octosilicate; sharp lines in the 1H MAS spectra; a large difference in 
chemical shift (lOppm); and incomplete mixing of the water and hydrogen bonding 
protons, by spin-diffusion or chemical exchange, over the time-scale of the 
experiment. It is possible that all these points are related. Spin-diffusion will be slow 
for proton species which have sharp 1H MAS lines with little overlap. An exchange-
rate has been determined previously for mixing between water and H-bonding protons 
in octosilicate (ca. 0.2 ms-i, with respect to the H-Bonding protons at a spinning-rate 
of 16 kHz). Though different conditions were used in these experiments, it is likely 
that the rate of exchange is slower than the rate of rotating frame spin-lattice 
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relaxation. Therefore, different Tip-values were measured and a successful exper-
iment was possible. 
7.5.3 A Two-Dimensional Method 
The method of VegaS and Fyfe et a\9 can be used to obtain 2-dimensional 
2°Si,lH correlation spectra for octosilicate. Vega asserted that a consideration of 1H 
spin-diffusion or chemical exchange is necessary for a complete understanding of the 
results of these experiments. Such experiments have been described in section 5.4 of 
this work. 
Two-dimensional 29Si,lH correlation spectra for octosilicate (sample oca) 
were acquired at two contact times, 8 ms and 1 ms, using the VXR300 spectrometer 
equipped with a Doty MAS probe and 7 mm zirconia rotors. The pulse sequence is 
that of Fyfe et al$ (figure 7.5). In each case 64 FID's were accumulated with a 
recycle time of 0.5 s. For the longer contact time, each FTD contained 704 data points 
of 96 transients, while the spinning rate was 5 kHz and the spectral widths were 8 kHz 
and 16.7 kHz in the silicon and proton dimensions, respectively. For the shorter 
contact time, each FTD contained 512 data points of 1000 transients, while the 
spinning rate was 4.46 kHz and the spectral widths were 5.5617 kHz and 16.7 kHz in 
the silicon and proton dimensions, respectively. The spectra are shown as contour 
plots and stacked plots in figures 7.18 and 7.19. 
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Figure 7.18 The results of a 2-dimensional 29Si,lH correlation spectroscopy 
experiment for octosilicate (sample oca), with a contact time of 8 ms. 
The results are displayed in stacked-plot and contour-plot mode. Two 
silicon sites, Q 3 and Q 4 , and 2 centre-band proton signals are visible 
together with some spinning side-bands. 
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Figure 7.19 The results of a 2-dimensional 29Si,lH correlation spectroscopy 
experiment for octosilicate (sample oca), with a contact time of 1 ms. 
The results are displayed in stacked-plot and contour-plot mode. Two 
silicon sites, Q 3 and Q 4 , and 1 centre-band proton signal are visible 
together a spinning side-bands. Further spinning side bands of this 
proton are observed outside the plot range of this spectrum. 
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Octosilicate has Q3 and Q4 signals in its 29Si CP spectrum and water and H-
bonding signals in its 1H MAS spectrum. The 2-D 29Si,lH spectrum with a contact 
time of 8 ms contains peaks corresponding to every possible combination of silicon 
species, protons and proton spinning side-bands. Interestingly, the intensity of the Q 4 
peaks is greater than that of the Q3 lines. This does not necessarily mean that CP to 
the former is more efficient then to the latter for at least two reasons. Firsdy, the 
volume of the peak rather than the height should be considered and the Q 3 signal is 
broader in the silicon chemical shift axis direction. Secondly, conclusions regarding 
CP efficiency should not be drawn from a single contact time experiment. The 
intensity of the peaks corresponding to H-bonding protons is larger than that 
corresponding to water protons. Again, predictions about relative cross-polarisation 
efficiencies are difficult to make with any confidence since the less intense signals are 
broader in the relevant chemical shift axis direction and the water proton signal 
intensity is spread over a wider range of spinning side-bands. 
The result of the 8 ms 29Si,iH 2-D correlation experiment is inconclusive as 
there are two possible CP mechanisms which could cause the observed coupling 
pattern- correlation between both proton types and both silicon sites. Either or both 
of the proton types could be the source of the cross-polarisation. In the former case, 
both sites would give signals i f chemical exchange or spin-diffusion is significant over 
the contact time of the experiment. Experiments in section 5.4 have shown that 
mixing is extensive over a time of 8 ms for octosilicate. Accordingly, any selectivity 
between the two proton species would be lost. More selective spectra can be obtained 
if mixing is less extensive. Intuitively, this will be the case with a shorter contact 
time. 
Two contradictory factors affected the choice of the contact time for the 
repeated 29Si,iH 2-D correlation spectrum. Better signal to noise for the Q 4 peak is 
obtained with longer contact times, while a shorter value would give less extensive 
mixing of the proton species. A contact time of 2 ms had been used in a selective 
lH,23Na CP correlation experiment for this sample (see section 7.6.2), so an 
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infinitesimal value was not necessary for selectivity. However, cross-peaks were still 
evident in a 2-D 1H.1H exchange spectrum for this octosilicate sample with a mixing 
time of only 1 ms. Eventually, the chosen strategy used a contact time of 1 ms, while 
ten times as many transients as before were acquired. 
The 1 ms contact time 2-D 29Si,iH correlation spectrum of octosilicate (figure 
7.19) consists of only four peaks. These correspond to correlation between the Q3 and 
Q 4 silicon sites and the H-bonding proton and a spinning side-band. The peaks for the 
Q3 silicon sites are taller and broader than those for the Q 4 sites, probably indicating 
more efficient cross-polarisation. The important result is that no signals are observed 
around 8H 4 in the proton dimension due to correlation with water protons. 
The 1 ms 29Si,lH correlation spectrum shows that the most efficient 29Si CP 
mechanism in octosilicate is a transfer of magnetisation from H-bonding protons only 
to both silicon sites. Coupling between water protons and silicon sites is visible in the 
8 ms spectrum. This could be due to direct correlation, ^(Water)-* 2 ^ CP, at a lower 
efficiency than the main mechanism, or indirect correlation, ^water^HH bonding—» 
29Si CP, with chemical exchange or spin-diffusion between the proton species. 
Further speculation about the true cause of such cross-peaks is unnecessary as the 
main result of this work is clean the most efficient mechanism for cross-polarisation 
in this sample of octosilicate is a transfer of magnetisation from the H-bonding 
protons to both silicon sites. 
7.5.4 Conclusion 
Two different strategies have been used for two different samples to show that 
the 29Si cross-polarisation mechanism for octosilicate is a transfer of magnetisation to 
both types of silicon site from H-bonding protons only. 
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7.6 The Mechanism of lH,23Na Cross-Polarisation for Octosilicate 
7.6.1 Introduction 
The 2 3 Na CP mechanism can be determined using the same methods that were 
used for the 29Si CP mechanism. Since the potential proton sources for the cross-
polarisation are the same as with 2 9 S i CP, selective results should be obtained by using 
the strategies that have been previously successful. One-dimensional methods can be 
used which rely on Tip rather than T i , and its indirect measurement will be more 
likely i f variable spin-locked delay 23Na CP experiments are used rather than variable 
contact times. The 2-dimensional methods are more likely to be selective with short 
contact times. 
7.6.2 A One-Dimensional Method 
The experiments were carried out with two octosilicate samples which differed 
in the number of signals in 2 3 N a SP spectra. Sample occ had two signals, while 
sample oca had one (figures 5.40a and 5.39a, respectively). Since the difference in the 
spectra can be attributed to the presence of sodium chloride contamination, and the 
23Na CP spectra are practically the same, the two samples should give the same result. 
Variable spin-locked delay 23Na CP and !H MAS experiments for two 
octosilicate samples were carried out using the CMX200 spectrometer, equipped with 
a Chemagnetics HX probe and 7.5 mm zirconia Pencil rotors. In each case, spectra 
were attained at several delay times, T, while all other parameters were kept constant. 
Existing pulse sequences were used, tlrhoh for 23Na CP and tlrho for 1H MAS, while 
a macro was used for automation. Further experimental details are listed in table 7.7. 
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Sample Method Number of Number of Recycle Spinning Contact 
Experiments Transients Time Rate Time 
/s /kHz /ms 
occ 23Na CP 16 512 1.5 2.14 2 
1H MAS 32 16 2 4 n/a 
oca 23Na CP 24 256 2 2.03 1 
1H MAS 32 32 3 4.02 n/a 
Table 7.7 Experimental details for measurements of proton Tip-values for two 
octosilicate samples. 
For each experiment, all the FID's were given the same baseline-correction, 
zero-filling, line-broadening, phasing and fourier-transformation routine. The peak 
intensities of the resultant spectra were fitted to equation 2.13, using non-linear 
regression. Figures 7.20 to 7.23 are plots of the experimental data together with 
curves simulated from the fitted values. The results of the statistical analysis are 
shown in tables 7.8 to 7.11. 
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/ 
Arbitrary Units < 5 
1 
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tau / ms 
Figure 7.20 The results of a spin-locked delay 23Na CP experiment for octosilicate 
(sample oca). Filled circles represent the experimental data while the 
line is the result of a simulation, using values obtained by the fitting 
routine. 
Signal T i 0 / ms r2 
Sodium 3.98 ±0.13 0.99517 
Table 7.8 Results of fitting the 23Na CP spin-locked delay experimental data for 
octosilicate (sample oca) to equation 2.13 using non-linear regression. 
The quoted errors are 95 % confidence limits and r2 is a correlation 
coefficient. 
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Figure 7.21 The results of a spin-locked delay 1H MAS experiment for octosilicate 
(sample oca). Filled and unfilled circles represent the experimental data 
while the lines are the results of a simulation, using values obtained by 
the fitting routine. 
Signal Tio / ms r2 
H-Bonding 3.69 + 0.09 0.99696 
Water 1.80 + 0.04 0.99831 
Table 7.9 Results of fitting the 1H MAS spin-locked delay experimental data for 
octosilicate (sample oca) to a equation 2.13 using non-linear regression. 
The quoted errors are 95 % confidence limits and r2 is a correlation 
coefficient. 
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Figure 7.22 The results of a spin-locked delay 23Na CP experiment for octosilicate 
(sample occ). Filled circles represent the experimental data while the 
line is the result of a simulation, using values obtained by the fitting 
routine. 
Signal Tic / ms r2 
Sodium 3.42 ±0.07 0.98644 
Table 7.10 Results of fitting the 23Na CP spin-locked delay experimental data for 
octosilicate (sample occ) to equation 2.13 using non-linear regression. 
The quoted errors are 95 % confidence limits and r2 is a correlation 
coefficient. 
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Figure 7.23 The results of a spin-locked delay 1H MAS experiment for octosilicate 
(sample occ). Filled and unfilled circles represent the experimental data 
while the lines are the results of a simulation, using values obtained by 
the fitting routine. 
Signal T i D / m s r2 
H-Bonding 3.69 ±0.07 0.99796 
Water 1.50 ±0.06 0.99474 
Table 7.11 Results of fitting the 1H MAS spin-locked delay experimental data for 
octosilicate (sample occ) to equation 2.13 using non-linear regression. 
The quoted errors are 95 % confidence limits and r 2 is a correlation 
coefficient. 
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With both samples, the rotating frame spin-lattice relaxation time that has been 
obtained through the cross-polarisation experiments is closer to the value for the H-
bonding proton. However, with each sample, there is some significant deviation 
between the H-bonding and 23Na CP values for Tip, at 95 % confidence. This is 
likely to be due to imperfect statistical modelling of the experimental data. I f a perfect 
model was used, only random deviations would be observed and the confidence limits 
would be a good measure of this deviation and the precision of the fitted value. In this 
case, there are several possible sources of systematic error, so the confidence limits are 
a poor measure of precision. Firstly, previous experiments have shown that there is 
some mixing of the proton species over the time-scale of this experiment. I f the 
mixing is caused by spin-diffusion, the differences in relaxation rate will be averaged 
over the course of the decay. The averaging will not necessarily be constant, as the 
rate of spin-diffusion will be affected by the changing spin-temperatures of the two 
sites, and the decay wil l not be perfectly exponential- a systematic error. Secondly, 
sample heating might cause deviations from exponential behaviour. High powers are 
necessary for spin-locking; because long cross-polarisation contact times (> 30 ms, 
say) can cause probe damage it is likely that spin-lock times of up to 8 ms can cause 
some sample heating. Variations in temperature changes will affect the rate of 
relaxation at each value of the delay, giving systematic errors in the determination of 
Tip. Finally, the measured 1H MAS peak intensities are not exact measures of the 
magnetisation of the aqueous and H-bonded species. Contributions from the probe 
background and the rotor are included in the peak intensities and these decay at 
different rates to the octosilicate proton species. Since there are several potential 
causes of systematic deviations from the model equation, the 95 % confidence limits 
are not an adequate measure of the precision of the fitted values. The apparently 
significant deviations in rotating frame spin-lattice relaxation times measured by lH 
MAS and 23Na CP are understandable and the result of the experiment is clear. The 
mechanism for 23Na cross-polarisation is a transfer of magnetisation from the H-
bonding protons to the sodium sites in both samples. 
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7.6.3 A Two-Dimensional Method 
The 2-dimensional 23Na,!H correlation spectroscopy experiment was carried 
out for octosilicate (oca) using the CMX200 spectrometer. A pulse sequence was 
written for the purpose, simply by adding an incremental delay period between the 
proton 90° pulse and the contact time of a standard CP pulse program. No changes 
were made to the phasing variations of the original sequence, so hyper-complex data 
were not collected- 2-dimensional fourier-transformation gave a symmetrised 
spectrum, that was reflected in the proton transmitter frequency. The 2-dimensional 
data-set was made up of 128 FID's of 256 points with a dwell-time in t i of 30 u^ s. 
Each FID consisted of 128 transients with a recycle time of 3 s. The contact time was 
2 ms and the spinning rate was kept constant at (4000 ± 10) Hz using the speed 
controller facility of the spectrometer. One half of the spectrum is shown in figure 
7.24. 
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Figure 7.24 The results of a 2-dimensional 23Na,!H correlation spectroscopy 
experiment for octosilicate (sample oca). 
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The 2-dimensional *H,23Na correlation spectrum for octosilicate consists of a 
single peak at $Na for the single observable signal and 5H for the H-Bonding protons, 
only. Therefore, the mechanism for 23Na CP in this sample of octosilicate is clear. 
Cross-polarisation occurs via a transfer of magnetisation from the hydrogen-bonding 
protons only to the single sodium site. 
7.6.4 Conclusions 
Two experiments have been used for two samples to show that 23Na CP occurs 
via a transfer of magnetisation from the hydrogen-bonding protons only to the single 
observable sodium site in the CP spectrum. 
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7.7 The Mechanism of 29Si and 23Na Cross-Polarisation in Magadiite 
7.7.1 Introduction 
Cross-polarisation mechanisms for octosilicate were deduced using 1- and 2-
dimensional methods. Similar methods have been considered for magadiite. There 
are three Q 4 signals and one Q 3 signal in 29Si spectra of magadiite and a single line in 
23Na CP spectra, while 1H spectra have peaks corresponding to strongly hydrogen-
bonded and aqueous protons. The work in this section will show which of the proton 
species is the source of magnetisation for cross-polarisation for each of the silicon and 
sodium sites. 
7.7.2 One-Dimensional Methods 
The viability of 1-dimensional methods of determining cross-polarisation 
mechanisms depends on the determination of distinct relaxation times for the proton 
species. With octosilicate, the proton species are well-resolved at achievable spinning 
rates, thus T i and Tip can be measured precisely. A difference in Tip for the two 
proton species meant that mechanisms for 23Na and 29Si CP could be ascertained. 
With magadiite, the proton species are poorly resolved and have very similar T i -
values (see sections 5.2.5 and 5.3.2). It is possible that a difference in Tip-values 
would allow the determination of mechanisms for 29Si or 23Na cross-polarisation. 
A 1H MAS variable spin-locked delay experiment was carried out for 
magadiite (sample mga) using the CMX200 spectrometer equipped with a 
Chemagnetics HX probe. The sample was packed in 7.5 mm Pencil rotors with kel-F 
end-caps. Under these conditions there is also a considerable background contribution 
in all spectra; this is displayed in figure 7.25a. Several spectra were acquired with 
different values for the delay, T. This was achieved using an existing pulse program, 
tlrho, and a macro for automation. Eighteen FID's were acquired consisting of 64 
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transients with a recycle time of 2 s; the spinning rate was 4 kHz. The spectra were 
subjected to the same zero-filling, baseline correction, apodisation, fourier-
transformation and phasing routine. A representative spectrum is shown in figure 
7.25b. 
5H / ppm 
| i i i i | i i M | i i i i [ i i i i | i i i i | i i i i | i i i i j | | | | | 
200 150 100 50 - 0 - 50 -100 -150 -200 
Figure 7.25 a) A typical background ' H MAS spectrum for the Chemagnetics 
probe and 7.5 mm rotor used in the magadiite (sample mga) variable 
spin-locked decay experiment, b) A representative spectrum from the 
magadiite (sample mga) variable spin-locked delay experiment. In this 
case the delay time was 0.1 ms. 
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Three lines can be resolved in the magadiite spectrum at 8H 15, 5H 5 and 8H 1. These 
can be assigned to hydrogen-bonded, water and probe background protons, 
respectively. Intensities for the two magadiite peaks were fitted to mono- and bi-
exponential equations using non-linear regression. Figures 7.26a and 7.26b are plots 
of the experimental data together with curves simulated from the fitted values. The 
results of the statistical analysis are shown in tables 7.12 and 7.13. 
Signal T i D /ms r2 
H-Bonding 0.63 ±0.04 0.99047 
Water 0.85 ±0.05 0.99354 
Table 7.12 Non-linear regression results from fitting the magadiite (sample mga) 
1H MAS spin-locked delay results to a single exponential (equation 
2.11). The quoted errors are 95 % confidence limits and r 2 is a 
correlation coefficient. 
Signal Faster Tip 
/ 
ms 
Slower Tip 
/ 
ms 
Mn(Fast) 
/ 
Arb. Units 
r2 
H-Bonding 0.28 ±0.03 0.98 ±0.07 0.64 ±0.06 0.99986 
Water 0.35 ±0.04 1.18 ±0 .06 1.0 ±0 .1 0.99993 
Table 7.13 Non-linear regression results from fitting the magadiite (sample mga) 
1H MAS variable spin-locked delay to a bi-exponential equation 
(equation 7.25). The quoted errors are 95 % confidence limits and r2 is 
a correlation coefficient. The units of Mo(Fast) are arbitrary but 
consistent for both signals. The two components were labelled faster 
and slower on the basis of the rate of relaxation, after the fitting 
procedure. 
M t =M[ ) 1 ) exp ( - t /T 1 ( ^ ) ) + M j ) 2 ) e x p ( - t / T 1 ( 2 ) ) Eq. 7.25 
7 Cross-Polarisation Page 276 
H-Bonding 
Fitted 
Water 
Fitted 1.5 
Intensity 
Arbitrary Units 
1 
tau / ms 
H -Bonding 
Fitted 
Water 
Fitted 
Intensity 
/ 
Arbitrary Units 
1 
1.5 1 
tau / ms 
Figure 7.26 The results of a 1H MAS variable spin-locked decay experiment for 
magadiite (sample mga). Filled and unfilled and circles represent the 
experimental data; this is the same in both plots. Curves are simulations 
from value obtained by linear regression to: a) a mono-exponential 
equation; and b) a bi-exponential equation. 
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A major problem in this experiment is the significant contribution of 
background signals in 1H MAS spectra of magadiite. Octosilicate has sharp intense 
peaks, so the background had little effect on the viability of relaxation time 
measurement. The *H MAS signals in magadiite are broader and less intense, so the 
contribution of the background is more significant. Figure 7.25a shows that the 
background spectrum consists of a broad signal and a sharper more intense one. The 
spectra of magadiite can therefore be deconvoluted into four overlapping signals: 
water, H-bonded protons and the two background signals. Though, the intensities of 
the H-bonding and water protons can be measured, it must be remembered that the 
intensity will contain a contribution from overlapping species, particularly the broad 
background absorption. 
The variable spin-locked delay experimental data were fitted to exponential 
equations with one or two components (equations 2.13 and 7.25, respectively). The 
bi-exponential fitting proved to be a better model for the data: this can be seen by 
inspection of the plots (figures 7.26a & b) or by comparison of the correlation 
coefficients. The bi-exponential fitting resolves the relaxation curves into rapidly and 
slowly decaying components. The rapidly decaying component can be assigned to the 
broad background absorption. The Mo(Fast) values show that the background makes 
a larger contribution to the measured water proton intensity- this is consistent with it 
being centred at around 5 ppm. It has a rotating frame spin-lattice relaxation time of 
about 300 \is, while the water and H-bonding protons have values of 1.2 ms and 
1.0 ms, respectively. These results show that there is a small difference between the 
Tip values of the magadiite water and H-bonding protons. However, to compare these 
values with any obtained via CP would require more faith in these fitting procedures 
than is really valid. 
In summary, one-dimensional determination of the mechanism for CP is not 
possible for magadiite. The 1H MAS signals are broad and weak compared to 
background signals with which there is considerable overlap. This makes the 
determination of accurate relaxation times very difficult. 
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7.7.3 A Two-Dimensional Method for Determining the Mechanism of 2 9 S i CP 
Two-dimensional 29Si,iH correlation spectroscopy can be used to determine 
the CP mechanism for magadiite. As, with octosilicate, a consideration of proton 
mixing, chemical exchange or spin-diffusion, is necessary for a full understanding of 
the results. Drying of the magadiite sample was necessary to provide a full 
mechanism for 29Si CP. 
Two-dimensional 29Si,lH correlation spectra for magadiite (sample mga) were 
acquired using the VXR300 spectrometer, equipped with a Doty MAS probe and 
7 mm zirconia rotors. The pulse-sequence was based on that of Fyfe et al.9 Contact 
times of 8 ms and 0.5 ms were used for an undried sample of magadiite, while the 
same sample was analysed with a contact time of 8 ms after extensive drying. The 
experimental details are listed in table 7.14, while the spectra are displayed in figures 
7.28, 7.29, and 7.30. One-dimensional spectra of the undried sample are shown in 
figure 7.27; these were obtained with similar conditions to the 2-D experiment. 
Spectra for the dried material are fairly similar. 15 
Sample Undried Undried Dried 
Contact Time / ms 8 1 8 
No. of FID's 64 64 128 
No. of Data Points 256 256 512 
No. of Transients 800 1400 432 
Recycle Time / s 0.5 0.5 0.5 
Spinning Rate / kHz 4.96 4.46 4.87 
Spectral Width (Si)/kHz 5.87 5.56 5.97 
Spectral Width (H)/kHz 16.7 16.7 25.0 
Table 7.14 Experimental details for the 2-dimensional 29Si,lH correlation spectro-
scopy experiments with magadiite (sample mga) 
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Figure 7.27 One dimensional spectra for magadiite (sample mga): a) 1H MAS; and 
b) 29Si CP. These were obtained using similar conditions to those for 
the 2-D spectrum with a contact time of 8 ms for the 2 9 Si spectrum. 
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Figure 7.28 A 29Si,lH correlation spectrum for undried magadiite (sample mga) 
with a contact time of 8 ms: a) stacked plot; and b) contour mode. 
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Figure 7.29 A 29Si,iH correlation spectrum for undried magadiite (sample mga) 
with a contact time of 1 ms: a) stacked plot; and b) contour mode. The 
appearance of the spectrum is spoilt by the presence of artefacts 
through §si -99. However, clear conclusions may still be drawn. 
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Figure 7.30 A 2 9 Si, 'H correlation spectrum (contour mode) for magadiite (sample 
mga) after extensive drying with a contact time of 8 ms. 
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No selectivity is observed in the 8 ms contact time 2-dimensional 29Si,lH 
correlation spectrum for the undried sample (figure 7.27). Figure 7.26 shows that 
magadiite spectra contain four silicon signals and two proton signals. Cross-peaks can 
be seen for all combinations of these; there are also some contributions from 
correlation between proton spinning side-bands and Q3 29Si sites. Previous 1H.1H 
exchange experiments have shown that there is considerable mixing between 
magadiite protons species over a time of 8 ms (see section 5.4). Therefore, no 
conclusions can be made concerning the mechanism for 2 9 Si cross-polarisation as this 
mixing would prevent the observation of selective results. 
Two further 29Si,lH correlation spectra were obtained at conditions where less 
mixing would be expected. A 1 ms contact time gives less time for the exchange to 
occur, but the intensity of Q 4 29Si signals would be very low. In section 5.4, sample-
drying has been shown to reduce the extent of mixing. Thus a contact time of 8 ms 
might allow a selective result for the Q 4 signals. With less water in the system, the 
rate of chemical-exchange should be slower by the law of mass-action, while the 
strength of the homonuclear dipolar interaction (and hence rate of spin-diffusion) 
would be reduced. 
The 1 ms contact time 29Si,lH spectrum (figure 7.29) only has signals for the 
Q3 silicon sites. No Q 4 signals are seen at this short contact time due to inefficient 
CP. The cross peaks are only observed at chemical shifts corresponding to the H-
bonding proton and a spinning side-band- no coupling is observed between the Q3 
silicon site and the water protons. This spectrum provides half of the mechanism for 
29Si CP- cross-polarisation to the Q3 sites occurs via a transfer of magnetisation from 
the H-bonding protons, only. 
Drying the sample provides the complete mechanism. The 2-D 29Si,iH 
correlation spectrum of dried magadiite (figure 7.30) gives a selective result, at a 
contact time which is large enough for adequate Q 4 signal detection (8 ms). The 
spectrum contains seven peaks, including five from centre-band proton signals. The 
intensity of H-bonding signals is much greater than the water proton signals. CP is 
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therefore more efficient from H-bonding protons. Some mixing would be expected 
with the dried sample: this probably explains the presence of the small peak in the 
29Si,lH spectrum corresponding to coupling between the Q3 silicon atom and the 
water protons. 
7.7.4 A Two-Dimensional Method for Determining the Mechanism of 23Na CP 
The mechanism of 2 3Na cross-polarisation in magadiite can be determined by 
2-dimensional 23Na,lH correlation spectroscopy. Since the optimum contact time for 
a magadiite 23Na CP spectrum is ca. 2 ms, sample drying should not be necessary for 
selective 1H ,23Na correlation results. 
The 2-dimensional 23Na,1H correlation spectroscopy experiment was carried 
out for magadiite (sample mga), using the CMX200 spectrometer, equipped with a 
Chemagnetics HX probe and 7.5 mm zirconia Pencil rotors. The pulse sequence was 
the same as had been used for similar experiments with octosilicate, so the data were 
not hyper-complex- 2-dimensional fourier-transformation gives a symmetrised 
spectrum, that was reflected in the proton transmitter frequency. The 2-dimensional 
data-set was made up of 95 FID's of 256 points with a dwell-time in ti of 20 |xs. Each 
FID consisted of 200 transients with a recycle time of 3 s. The contact time was 2 ms 
and the spinning rate was 4 kHz. The spectrum is shown in figure 7.31. 
The 23Na SP spectrum of sample mga has two lines- one from magadiite and 
one from NaCl contamination (see figure 5.40b). 
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Figure 7.31 The results of a 2-dimensional 23Na,lH correlation spectroscopy 
experiment for Magadiite (sample mga). 
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The 2-dimensional lH,23Na correlation spectrum contains a single peak at 5Na 
for the single observable signal and 8H for the H-Bonding protons. Therefore, the 
mechanism for 23Na CP in magadiite is clear. Cross-polarisation occurs via a transfer 
of magnetisation from the hydrogen-bonding protons only to the single sodium site. 
7.7.5 Conclusions 
The mechanisms for 29Si and 23Na CP have been deduced using 2-
dimensional methods, only. The 1-dimensional strategy which was successful with 
octosilicate was not feasible with magadiite. Broad lines in the !H MAS spectrum 
meant that resolving the water and H-bonding signals of magadiite from the 
background absorptions was difficult. The data from an experiment to determine Tip 
was fitted to two components, to account for the background, but the difference in 
relaxation times was barely significant. This similarity might indicate that the rate of 
spin-diffusion or chemical-exchange in magadiite is larger than in octosilicate. 
The 2-dimensional methods were successful, at conditions where the extent of 
spin-diffusion was not significant. Using a short contact time, as with octosilicate, 
provided the 29Si CP mechanism for the Q3 peak, while drying the sample showed 
that the same mechanism was valid for all silicon signals. Cross-polarisation to both 
29Si signals occurs through a transfer of magnetisation from the H-bonding protons 
only. A short contact time was adequate for deducing the 23Na CP mechanism. 
Cross-polarisation to the lone 23Na CP signal occurs via a transfer of magnetisation 
from the hydrogen-bonding protons only. 
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Chapter Eight Structural Conclusions, Summary and Future Work 
8.1 Structural Conclusions 
8.1.1 The Structure of Kanemite 
The structure of makatite is known. 1 Nesbitt proposed that the structure of 
kanemite was similar with the addition of more water molecules in the interlayer 
space.2 This proposal was based on the similarity between 29Si NMR spectra of the 
two silicates- both contained two resolved Q3 signals in apparently similar intensity 
ratios. In this work, a makatite 29Si CP spectrum has been acquired with four 
resolved lines, while most kanemite spectra have a single line.3,4 Additionally, 
strongly hydrogen-bonded protons have been detected for kanemite, only. Therefore, 
it is unlikely that the structure of kanemite is so similar to that of makatite. 
Hydrogen-bonded proton signals are observable in the 1H MAS spectrum of 
KHSi2C»5, which also has a single 29Si NMR signal, at Ssi -90. The multiplicity of Q3 
signals and the presence of hydrogen-bonded protons are connected. In a system with 
silanol protons and a counter-ion, such as Na+ or K+, there are two types of Q3 silicon 
atom: silanol, (SiO)3Si-OH, and siloxide, (Si0)3Si-O. These are resolvable in the 
29Si NMR spectrum of makatite. In a system with hydrogen-bonded protons, a 
symmetrical -O—H—O- bond means that there is only one type of Q3 silicon atom 
(figure 8.1). 
System 1 System 2 
Si — Si — O - H— O — Si 
O O- M+ 
H M+ 
Silanol Siloxide Hydrogen-Bond 
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Figure 8.1 In a system with no hydrogen bonds (1), there will be two types of Q3 
silicon atom, whereas a system with a symmetrical H-bond (2) can 
contain just one type. 
In KHSi2C*5, the hydrogen-bonds are situated between single silicate sheets 
(see figure 3.8).5 There is no reason to believe that the conformation in kanemite is 
substantially different. A model structure for kanemite can be formed by replacing the 
potassium ions in KHSi20s with hydrated sodium ions (figure 8.2). A less puckered 
silicate layer might be expected for kanemite as there are additional water molecules in 
the interlayer space. This is also predicted by 2 9 Si NMR data: the chemical shift for 
KHSi2C>5, -90 ppm, is considerably different to that of kanemite, -97 ppm, and part of 
the disparity can be explained by changes in bond angles. 
o o o o 
Na Na Na H H H o o o o 
o o o 
H H Na H Na Na o o o o o 
A v A v A v 
Figure 8.2 A plausible model structure for kanemite: single silicate sheets linked 
by hydrogen-bonds, and an interlayer space containing hydrated 
sodium ions. Triangles represent SiC*4 tetrahedra, while water 
molecules are shown as unfilled circles. 
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A single kanemite sample (kna) contains extra signals in 29Si CP and 1H MAS 
spectra. These signals could correspond to stacking faults in the model structure, 
which would prevent the formation of hydrogen bonds, leaving silanol groups, 
=Si-OH. Such protons would be expected to have signals around 8H 1. while the 
chemical shift of the silicon atom would also be different. In the schematic diagram in 
figure 8.3, the interlayer space consists solely of silanol protons. This is similar to the 
expected structure of H-kanemite and could arise from partial exchange of sodium for 
protons. This occurs readily with kanemite and can be achieved by simply washing 
the sample with water.6 
V V Y Stacking Fault: 
H H H H H H Silanol Protons 
v A v A v 0 A o O O o H H Na Na H Na Proposed Kanemite Model: 
o o o Q Hydrogen-Bonds o 
V V V 
l: 
Figure 8.3 A schematic diagram to show how the presence of stacking faults can 
explain the presence of extra 2 9 Si CP and 1H MAS signals in a single 
kanemite sample. 
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8.1.2 The Interlayer Space 
Octosilicate, magadiite and kenyaite all contain a single Q3 29Si NMR signal 
and a high-frequency J H MAS signal. Therefore, it is possible that the interlayer 
space for these silicates is similar to that which has been proposed for kanemite. The 
simplicity of such a model is also suggested by the presence of only one layered 
sodium polysilicate hydrate signal in 23Na SP spectra. The diagram in figure 8.4 is a 
plausible model for the interlayer space in kanemite, octosilicate, magadiite and 
kenyaite. Cross-polarisation correlation experiments indicate that the hydrogen-
bonding protons are rigidly-held, while the water molecules are more mobile. The 
mobility of the water molecules can also be inferred from !H MAS spectra, where 
spinning side-bands are observed. This new model can be compared with that of Rojo 
et fl/.,l4 which has no H-bonding protons and two types of sodium ion. 
Silicate Layer 
O O O o 
H 
o 
H 
O o o 
Silicate Layer 
Figure 8.4 A schematic diagram of the interlayer space for kanemite, octosilicate, 
magadiite and kenyaite. Unfilled circles represent an uncertain number 
of water molecules. 
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8.1.3 The Silicate Layer Structure of Octosilicate 
Since octosilicate contains silicon atoms of types Q 3 and Q 4 in equal 
proportions a double-sheet silicate layer is likely. Piperazine silicate (EU19) has such 
a silicate layer, with a Q4:Q3 ratio of 2:1.7 Figure 8.5 shows that the EU19 structure 
can be modified to give a Q4:Q3 ratio of 1:1, resulting in a simple potential structure 
for octosilicate. 
\ / \ / 
Q 4 T Q 4 Q 4 T " Q 4 
EU19 
4 
I Octosilicate 
A 
S \ / N / N / V 
/ Q3 Q3 Q3 \ 
Figure 8.5 By inserting Q3 silicon atoms into the structure of EU19 (see figure 
3.9), a plausible octosilicate structure can be made. 
Alternatively, Nesbitt2 and Schwieger et al.% have shown that a silicate layer 
with a Q3:Q4 ratio of 1:1 can be made by condensing two makatite sheets. Figure 8.6 
compares the two models. 
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Structure A 
Makatite Condensation 
Structure B 
EU19 Modification 
Figure 8.6 Comparison of two hypothetical models for the silicate layer of 
octosilicate. Triangles represent SiC*4 tetrahedra. Structure A (from 
figure 3.13) can be built from a repeat unit of eight silicon atoms, 
whereas structure B can be built up of a four-atom repeat unit 
The 29Si NMR spectrum of octosilicate contains two lines, which are very 
sharp (A^ = 20 Hz). This suggests a very simple silicate layer structure. On this 
basis, the modified EU19 structure is more likely to be an accurate model for an 
octosilicate layer than the condensed makatite structure. 
8.1.4 Silicate Layers for Magadiite and Kenyaite 
Several pieces of information should be remembered when forming 
hypothetical silicate layers for magadiite and kenyaite. Firstiy, powder X-ray 
diffraction provides a value for the basal spacing: this is equivalent to the combined 
width of the silicate layer and the interlayer space. Schwieger et al. reported values of 
15.8 A and 19.7 A for the basal spacings in magadiite and kenyaite, respectively.8 
Secondly, Borbely et al. reported that the magadiite could be prepared by Soxhlet 
extraction of octosilicate with water, n Therefore, it is likely that the structures are 
related. Finally, an accurate Q4;Q3 ratio of ca. 3 has been determined for magadiite,9 
and work in this thesis indicates that the value for kenyaite is ca. 5. Scholzen et al. 
noted that these values are related to the structural formulae, particularly the 
soda:silica ratios. 10 Magadiite and kenyaite contain hydrogen-bonded and water 
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protons only. The number of moles of sodium ions is equivalent to half the number of 
moles of Q3 silicon atoms. Therefore, a Q*:Q3 ratio, r, corresponds to a soda:silica 
ratio, Na20:Si02, of [4(r+l)]-l. Thus, soda:silica ratios can be calculated for 
magadiite, Na20:16Si02, and kenyaite, Na20:24Si02. There is clearly a disagree-
ment between these ratios and the formulae which are generally quoted for magadiite, 
Na20:14SiC>2, and kenyaite, Na2O:20SiO2- Over-estimation of the sodium-content 
would be likely in samples which are contaminated with NaCl; perhaps this is 
responsible for the discrepancy. 
Octosilicate is expected to consist of silicate layers with double-sheets. A 
more condensed layer can be formed by either increasing the number of sheets, or by 
increasing the proportion of Q 4 silicon atoms in each sheet. Figure 8.7 shows 
hypothetical silicate layers for magadiite and kenyaite which were made by using both 
strategies. The double-sheet magadiite model is similar to that of Pinnavaia et al? 
Magadiite Kenyaite 
Q4:Q3 = 3 
Q4:Q3 = 5 
Figure 8.7 Schematic diagrams of hypothetical silicate layer structures for 
magadiite and kenyaite. Triangles represent Si04 tetrahedra. 
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There are several factors which suggest that the multi-sheet layers are good 
models for magadiite and kenyaite. Firstly, they explain the increase in basal spacings 
from octosilicate to magadiite to kenyaite. In this work, 1H MAS and 23Na SP spectra 
indicate that the three silicates share a common interlayer space: this is also consistent 
with these models. The regular nature of these structures is similar to that of 
tridymite, which has 29Si NMR signals at similar chemical shifts to the Q 4 signals in 
magadiite. Finally, the conversion of octosilicate to magadiite is easy to visualise with 
these models- two octosilicate layers can condense to form magadiite. However, there 
is an apparently insoluble problem with the multi-sheet layers of magadiite and 
kenyaite in that they are much thicker than the observed basal spacings. Deducing 
exact layer thicknesses is not possible, because different degrees of puckering are 
feasible. However, a value for the thickness of a single silicate sheet can be calculated 
from the known crystal structure of makatite. Brandt et al. reported that this was ca. 5 
A. 12,13 Therefore, the thickness of quadruple-sheet magadiite layers and sextuple-
sheet kenyaite layers are expected to be 20 A and 30 A, respectively- much larger than 
the basal spacings. This is a general problem with the hypothetical models of the 
layered sodium poly silicate hydrates that were proposed by Schwieger et a/.,8 
Nesbitt 2 and Brandt et alA2 Their models appeared plausible because they were 
based on smaller values of the Q4:Q3 ratio. 
The double-sheet layer models are unlikely to be larger than the basal spacings. 
They are also simpler, which fits better with the small number of resolved signals in 
29Si NMR spectra. However, they do not explain why basal spacings increase in 
going from octosilicate to magadiite to kenyaite; they have different interlayer spaces; 
and a facile conversion of octosilicate to magadiite is not easy to visualise- it would 
involve intralayer condensation. 
Overall, none of the models in figure 8.7 is perfect. A combination of the two 
strategies might provide the most plausible model, i.e. a multi-sheet layer containing 
single sheets with an excess of silicon atoms of type Q 4. The hypothetical structure of 
Brandt and co-workers for kenyaite (figure 3.16) is a good example. 
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8.2 Summary 
The layered sodium polysilicate hydrates contain four nuclei which are active 
towards NMR spectroscopy. This work contains example of spectra for three: 29Si, 
1H and 23Na. Low nuclear abundance and gyromagnetic ratio made the acquisition of 
17(D NMR spectra impractical for these samples. Many previous authors have 
reported 29Si NMR spectra. Nevertheless, new information has been obtained in this 
work. Makatite contains four crystallographically distinct silicon atoms, and these 
have probably been detected by 29Si NMR for the first time. Recent authors have 
confirmed Qj^Q4 ratios of 1:1 and 1:3 in octosilicate and magadiite, respectively. 
These conclusions were formed with the aid of lengthy 29Si inversion-recovery 
experiments to ensure that quantitative spectra could be acquired. A less rigorous 
method has been used here to indicate that the Q3:Q4 ratio in kenyaite might be 1:5. 
Proton NMR studies of the layered sodium polysilicate hydrates had previously been 
restricted to uninformative static and CRAMPS spectra.2.14 in this work, well-
resolved 1H MAS spectra have been recorded. Sharp lines are obtained, particularly 
for octosilicate and dried samples of kanemite and magadiite. Two types of proton 
species can be detected in kanemite, octosilicate, magadiite and kenyaite. Aqueous 
protons, H?Q. might have been predicted, but strongly hydrogen-bonded protons, -O-
H—O- are an interesting discovery. These are not apparent in makatite or silicic acids. 
Spin-diffusion or chemical exchange between the two types of protons has been 
detected in several samples and an approximate rate for this mixing has been 
determined for octosilicate. The main conclusion from 23Na NMR spectra is in 
contradiction to a previous finding. Two authors had detected two sodium signals in 
magadiite or kenyaite and assigned different structural locations for them.2,14,15 
However, one of the peaks has now been shown to come from sodium chloride 
contamination. 
Adequate quantities of kanemite, octosilicate and magadiite were available for 
the preparation of the corresponding silicic acids. These were analysed by 29Si CP 
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NMR, thermogravimetric analysis, powder X-ray diffraction and 1H MAS NMR. As 
had been predicted by Beneke and Lagaly,16 the H-kanemite sample proved to be a 
disilicic acid, H2Si20s. The H-octosilicate and H-magadiite samples proved to be 
more interesting, as in each case two sorts of silicic acid were prepared. Hydrated 
forms contained molecular water and had larger basal spacings and more negative 29Si 
chemical shifts than the anhydrous forms. 
Interactions between protons in the layered sodium polysilicate hydrates and 
silicon or sodium nuclei have been investigated with many cross-polarisation 
experiments. The results for makatite provided further evidence that four crystallo-
graphically distinct silicon sites were being detected in 2 9 Si cross-polarisation spectra. 
Most kanemite samples, octosilicate and magadiite share the same mechanism for 2 9 Si 
CP: a transfer of magnetisation from H-bonding protons only to all the silicon sites. 
The H-bonding protons also provide the source for efficient cross-polarisation to the 
23Na sites in octosilicate and magadiite. This indicates that these protons are more 
suitable for CP than water protons on the basis of rigidity, rather than separation. 
This fits the conclusion from some of the lH MAS experiments, which indicated that 
the water molecules are mobile. Determining these mechanisms necessitated a 
consideration of the extent of mixing between proton species through spin-diffusion or 
chemical exchange. Generally, selective results were seen where this mixing could be 
minimised by sample drying or by the use of a short mixing time. The presence of 
spin-diffusion or chemical exchange meant that the dynamics of cross-polarisation for 
octosilicate and magadiite were difficult to deduce from variable contact times. As 
reported by Miiller et alXl and Walther et al.,18 oscillatory curves of signal intensity 
with time are seen for such systems. Accurate measurement of the rate of 29Si CP was 
possible for a few silicic acid samples. The value of Tis depends on the distance 
between the relevant silicon and proton species. Thus, the three Q 4 signals in 
H-magadiite could be tentatively assigned on this basis. The 29Si CP behaviour of the 
high-frequency signal for a single kanemite sample with two lines was anomalous- an 
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irregular variable contact time curve was consistent with a cross-polarisation 
mechanism involving a transfer of magnetisation from three types of proton. 
8.3 Future Work 
After three years of research, many more feasible NMR experiments on these 
samples are still possible. The connectivity of the four resolved 2 9 Si NMR signals in 
magadiite could be deduced from a 29Si,29Si connectivity experiment. Such an 
experiment would be easier with a sample that is enriched in silicon-29. However, the 
necessarily small scale of the synthesis and the high cost of the starting material would 
make experiments at natural-abundance more attractive- these could be possible, with 
cross-polarisation to reduce recycle times and J-scaling. 19,20 
A deeper study of the 2 3 Na NMR spectroscopy of the layered sodium 
polysilicate hydrates might be interesting (e.g. using DAS or DOR). During this 
research, such work was side-tracked by the apparently interesting presence of two 
vastly different signals in the 2 3 Na SP spectra of some octosilicate, magadiite and 
kenyaite samples. 
Thermogravimetric analysis has been successfully used in this work to identify 
two types of proton species. The results indicate that changes that occur up to ca. 
300 °C are reversible. Therefore, a variable-temperature NMR study would be 
possible over a wide temperature range. Such work might be especially interesting for 
the two types of silicic acid from octosilicate and magadiite. The silicic acids in 
general are particularly suitable for any further study involving 29Si cross-polarisation 
since spectral intensities are greater than those of the parent sodium-forms. 
Octosilicate spectra contain two sharp 29Si signals and two well-resolved *H 
MAS signals with many spinning side-bands. Because the spectra can be obtained 
quickly, octosilicate is potentially useful as a model sample for use in new exotic 
experiments or for testing existing ones. 
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